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Foreword 


Climate  of  a  region  is  an  important  object  deciding  the  nature  of  crops  to  be 
cultivated  in  that  area.  However,  the  weather  conditions  that  prevail  during  crop 
growth  period  decides  yield  potentials,  even  though,  all  the  other  inputs  required 
by  the  plant  are  supplied  at  the  optimum  level.  A  tremendous  variation  in  the 
productivity  of  crops  is  because  of  the  prevailing  weather  conditions.  An 
occurrence  of  drought  and  outbreaks  pf  pests  and  diseases  cause  severe  crop 
losses.  The  farmers  needs  to  be  educated,  well  in  advance,  about  the  weather 
parameters,  the  occurrence  of  pests  and  diseases  as  well  as  their  timely 
management  practices  to  avoid  the  yield  losses.  A  knowledge  of  weather 
parameters  and  their  direct  as  well  as  indirect  effects  on  crop  growth  and 
productivity,  is  essential  for  the  students  of  agriculture,  horticulture  and  forestry. 

I  hope  this  book  will  serve  the  student  community  as  well  as  teachers  to  a 
great  extent  by  providing  information  on  these  aspects. 

I  wish  to  compliment  Prof  M.C.  Varshneya  and  Dr  P.  Balakrishna  Pillai,  Technical 
Editors  and  all  the  authors  of  various  chapters  for  having  brought  out  this 
textbook  with  useful  information  for  the  undergraduate  students  of  agriculture 
in  India. 


S.N.  Puri 
Vice-Chancellor 
Mahatma  Phule  Krishi  Vidyapeeth 
Rahuri,  Dist.  Ahmedanagar,  Maharashtra 

India 
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Preface 


Agricultural  meteorology  is  an  applied  science  which  uses  the  principles  of 
the  science  of  meteorology.  Weather  is  the  most  important  input  in  agriculture. 
When  other  crop  production  factors  remain  at  the  optimum  level  changes  in 
weather  cause  variations  in  crop  yield  by  about  fifty  per  cent.  Each  and  every 
growth  phase  of  plant  is  decided  by  the  weather  conditions.  Each  crop  has  its 
own  weather  optimum  for  expressing  full  potential.  Therefore,  knowledge  of  the 
influence  of  weather  parameters  on  growth  and  yield  of  crop  is  essential  for 
graduating  students  in  agriculture,  horticulture  and  forestry.  We  hope  that  this 
book  will  be  useful  in  imparting  knowledge  on  the  basic  principles  of  the  applied 
aspect  of  agricultural  meteorology. 

In  the  light  of  the  above  the  table  of  contents  have  been  drawn  to  develop 
the  subject  as  detailed  below. 

A  brief  reference  of  the  importance  of  agricultural  meteorology  in  crop 
production  has  been  given  in  Chapter  1,  Chapter  2  to  1 1  include  the  basic 
information  on  atmosphere  and  various  weather  parameters,  viz.  radiation,  air 
temperature,  atmospheric  moisture,  clouds  and  rainfall.  The  applied  aspect  of 
climate  in  terms  of  agroclimatic  conditions,  weather  in  the  incidence  of  pests  and 
diseases,  weather  forecasting,  remote  sensing  and  crop  modeling  are  dealt  in 
Chapters  12  to  18. 

We  wish  to  express  our  thanks  to  Dr  R.S.  Paroda,  Director-General,  Dr  S.L. 
Mehta,  formner  Dy.  Director-General  (Education)  and  Dr  (Mrs.)  Tej  Verma, 
Assistant  Director-General  (Edn.),  Indian  Council  of  Agricultural  Research,  New 
Delhi,  for  their  encouragement  and  support  in  bringing  out  this  book.  Thanks 
are  also  due  to  Dr  R.R.  Kelkar,  Director-General  of  Meteorology,  India 
Meteorological  Department,  New  Delhi,  for  his  permission  to  his  scientists  to 
contribute  in  this  book.  Further,  assistance  in  preparation  of  diagrams  and  reading 
the  manuscript  rendered  by  the  staff  members  and  students  of  the  Department 
of  Agricultural  Meteorology,  Centre  of  Advanced  Studies  in  Agricultural 
Meteorology,  College  of  Agriculture,  Pune,  is  acknowledged  with  thanks.  The 
help  rendered  by  Professor  S.S.  Salunke,  Associate  Professor  of  Crop  Biophysics, 
CASAM,  Pune  in  preparation  of  this  manuscript  is  duly  acknowledged.  Thanks 
are  also  due  to  Ms  V.S.  Kulkami,  a  steno typist  for  doing  the  typing  work  of  many 
chapters.  Further  we  express  our  science  thanks  to  M/s  Sanwad  Tradeprints  Pvt. 
Ltd.  Pune,  for  designing  the  cover  page  and  preparing  the  manuscript. 


M.C.  Varshneya 
P.  Balakrishna  Pillai 
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1.  Introduction 


M.  C.  VARSHNEYA  and  P.  BALAKRISHNA  PILLAI 

Climate  has  played  decisive  role  in  the  evolution  of  the  Earth  and  its 
ecosystem.  Climate  determines  our  habits  and  habitat,  human  progress  and 
civilization.  Successful  crop  production  requires  a  suitable  combinations  of 
several  factors  like  soil,  water,  crop  variety  etc.  Climate  of  a  place  has  a  cmcial  role 
in  growth  and  production  of  crop  plants. 

Studies  of  all  the  agricultural  systems,  viz.  crops,  cropping  systems  and  farming 
systems  are  incomplete  without  the  study  of  effect  of  weather  on  them.  The 
potential  productivity  of  these  systems  depends  not  only  upon  the  irrigation, 
fertilizer  and  seed  but  also  upon  the  optimum  weather  conditions.  The  agricultural 
production  of  the  country  in  1999’s  has  touched  204  million  tonnes.  The 
production  was  achieved  by  applying  irrigations,  using  chemical  fertilizers  and 
hybrid  seeds.  These  practices  have  attained  its  limits,  which  can  hardly  be  further 
stretched. 

Each  and  every  growth  phase  of  a  plant  is  influenced  by  the  prevailing  weather 
conditions.  Each  crop  has  its  own  weather  optimum  for  the  expression  of  its  full 
yield  potential.  It  is  an  established  fact  that  the  occurrence  of  pests  and  diseases 
in  crop  plants  is  very  well  related  to  weather  conditions.  Changes  in  weather 
parameters  like  rainfall,  relative  humidity  etc.  have  influence  on  the  occurrence  of 
several  devastating  pest  and  disease  problems  in  crop  production.  So  knowledge 
of  the  influence  of  weather  parameters  on  growth  and  yield  of  crops  is  essential 
in  successful  crop  production. 

Definition 

Meteorology  is  the  science  dealing  with  the  physics  of  atmosphere,  while, 
Agricultural  Meteorology  is  the  science  which  deals  with  the  interactions  of 
atmosphere  with  crops,  grasses,  trees,  animals,  pests  and  diseases.  Agricultural 
Meteorology  is  the  study  of  those  aspects  of  meteorology,  which  have  direct 
relevance  to  agriculture.  Its  main  objective  is  to  know  and  define  the  effects  of 
meteorological  and  hydrological  factors  on  agriculture  and  to  apply  knowledge 
of  the  atmosphere  to  practical  agricultural  use. 

Scope  and  Applications  of  Agricultural  Meteorology 

The  field  of  interest  of  agrometeorology  extends  from  the  soil  surface  layer  to 
the  depth  up  to  which  tree  roots  penetrate.  In  the  atmosphere,  it  is  interested  in 
the  air  layer  near  the  ground  in  which  crops  and  higher  organisms  grow  and 
animals  live,  to  the  highest  levels  in  the  atmosphere  through  which  the  transport 
of  seeds,  spores,  pollen  and  insects  may  take  place.  This  science  strives  to 
optimize  food  production  by  the  maximum  exploitation  of  the  atmospheric 
environment  at  a  minimum  cost  without  disturbing  the  agro-ecosystem  and  also 
tries  to  minimize  the  impact  of  adverse  weather  on  crops  and  to  make  use  of  crop 
weather  relationship  to  boost  agricultural  production. 
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Agricultural  Meteorology 


While,  genetic  potential  of  various  cultivars  has  been  utilized  optimally,  soil 
and  irrigation  resources  have  also  been  tapped  to  the  hilt.  However,  potential  of 
weather  has  not  been  tapped  as  yet.  It  is  essential  that  agricultural  scientists 
should  understand  the  role  of  microclimate  in  formation  of  yield  in  a  plant  and 
outbreak  of  pests  and  diseases.  Pests  and  diseases  damage  40%  of  our  total 
agricultural  production.  Thus,  timely  forecast  of  incidence  of  pest  or  disease  can 
result  in  saving  the  losses. 

Microclimatic  modifications,  viz  shade  management,  use  of  reflectants,  anti- 
transpirants,  wind  breaks  and  mulches  help  in  increasing  the  production.  Similarly, 
production  of  smoke,  heating  of  grape  orchards  by  artificial  heating,  irrigating 
crops  by  sprinkler  and  flooding  the  plots  during  frost  are  some  of  the  practices 

recommended  by  agrometeorologists  to  save  the  crop  from  inclement  weather. 

1 

However,  intercropping  and  multiple  cropping  are  some  of  the  well-known 
practices  that  help  farmers  economically  and  in  facing  the  contingencies. 

Agromereorological  methods  can  be  used  in  efficient  land  use  planning, 
determining  suitable  crops  for  a  region,  risk  analysis  of  climatic  hazards  and  profit 
calculations  in  farming,  production  or  harvest  forecast  and  in  adoption  of  fanning 
methods  and  choice  of  farm  machinery. 

Different  Aspects  of  Agricultural  Meteorology 

Agricultural  meteorology  is  having  different  important  aspects  of  study  such 
as  crop  modeling  and  remote  sensing  in  yield  forecasting,  weather  forecasting  in 
disaster  management,  sustainability  of  agricultural  production  under 
environmental  pollution  and  depletion  of  ozone  layer  of  the  atmosphere  and 
climate  change.  These  aspects  have  been  discussed  below  in  brief. 

Yield  forecasting:  Forecast  of  yield  can  be  done  with  the  help  of  dynamic  crop 
growth  models.  They  can  help  to  predict  yield  1-2  months  in  advance.  This 
leaves  sufficient  margin  to  planners  and  Governments  to  manage  the  shortages. 
Thus,  study  of  crop  weather  modeling  is  a  new  emerging  field  in  agricultural 
meteorology. 

Disaster  management:  Natural  calamities  such  as  cyclones,  floods,  drought 
and  earthquakes  are  common  in  India.  Cyclone  in  Andhra  Pradesh,  Gujarat  and 
Orissa,  floods  in  several  parts  of  the  country  including  Rajasthan,  drought  in 
Gujarat,  Rajasthan,  Maharashtra,  Karnataka,  Andhra  Pradesh  and  Orissa  and  earth 
quake  in  Uttar  Pradesh,  Gujarat  and  Maharashtra  are  of  recent  occurrences. 
Losses  due  to  these  calamities  are  in  millions  of  rupees  and  loss  of  life  is 
innumerable.  Agricultural  Meteorologists  have  to  understand  these  phenomenon 
and  devise  the  ways  to  save  the  crop  under  such  odd  conditions. 

Environmental  pollutions:  Industries  are  spewing  venom  in  the  form  of 
smoke,  trace  gasses  and  discharges  which  pollute  both  air  and  water.  Air  pollution 
has  increased  due  to  vehicles.  It  has  reached  the  alarming  proportions.  Water 
streams  have  been  polluted  by  the  industrial  waste  but  ground  water  has  been 
polluted  by  excessive  fertilization.  Out  of  27  states  of  India,  24  states  are  facing 
the  problem  of  ground  water  pollution.  Thus,  agricultural  meteorologist  has  to 
develop  technology  to  sustain  agricultural  production  under  polluted 
environmental  conditions. 
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(Source  :  Model  WS01.  Delta  -  T  Devices  Ltd.  Cambridge) 
Fig  1.1  Automated  weather  station 


Ozone  holes:  The  Carboflurocarbons  added  into  the  atmosphere  has  punctured 
the  ozone  layers.  The  ultra-violet  radiations  may  pass  through  the  depleted  ozone 
layer  and  can  incident  over  the  earth  surface.  These  ultra-violet  radiations  may 
cause  skin  diseases  in  human  beings  and  may  damage  the  crops.  Therefore, 
agricultural  meteorologist  has  to  devise  technology  to  save  crops  and  sustain 
agricultural  production  under  higher  ozone  levels. 

Climate  change:  Increasing  carbondi-oxide  concentration  in  the  atmosphere 
is  resulting  in  increase  of  temperatures  and  thereby  melting  of  snow  of  mountains. 
This  has  led  to  climate  change  in  several  parts  of  the  world.  The  climate  change 
has  to  be  studied  and  its  effect  on  agriculture  needs  to  be  analysed  by  the  agro¬ 
meteorologists. 

Emerging  fields:  Remote  sensing  is  an  emerging  technique  giving  enough 
room  to  forecast  the  yield  and  to  exploit  the  yield  potential  of  an  area.  Similarly, 
production  under  controlled  climatic  conditions  in  greenhouses  and  polyhouses 
has  dawned  a  new  era  in  agricultural  meteorology. 

Data  collection  and  acquisition:  Meteorological  data  are  collected  in  surface 
observatories  with  the  help  of  manual  and  self  recording  analog  instruments. 
Therefore,  time  lag  and  manual  errors  remain  in  data  set.  It  will  be  advisable  to 
replace  them  with  automated  weather  station  networks  with  interconnectivity 
through  satellite.  An  automated  weather  station  with  standard  sensors  is  shown 
in  Fig  1.1 

Agrometeorology  has  thus  developed  into  a  full-fledged  discipline  and 
researcher  in  the  subject  will  require  thorough  knowledge  of  both  meteorology 
and  agriculture. Thus,  studies  in  the  field  of  agricultural  meteorology  can  help  in 
increasing  the  production,  better  management  of  shortages,  meeting  the  challenges 
and  in  improving  the  quality  of  life  in  general,  and  agricultural  production  in 
particular. 


2.  Atmosphere 


A.S.R.A.S.  SASTRI  and  B.  AJITHKUMAR 

The  earth's  atmosphere  is  different  from  any  other  body  in  the  solar  system. 
Scientists  believe  that  earth's  earliest  atmosphere  was  swept  away  by  solar  winds, 
vast  streams  of  particles  emitted  by  the  sun.  As  the  earth  cooled,  solid  crust 
formed  and  the  gases  that  had  been  dissolved  in  the  molten  rock  were  gradually 
released,  a  process  called  degassing.  Thus  an  atmosphere  believed  to  be  made 
up  of  gases  similar  to  those  released  during  volcanic  eruptions  came  into  being. 

Scientists  have  proposed  two  probable  sources  of  the  free  oxygen  in  the 
atmosphere.  Water  vapour  that  are  carried  into  the  upper  atmosphere  is 
dissociated  into  hydrogen  and  oxygen  by  the  action  of  the  sun's  ultra-violet 
radiation.  Hydrogen,  being  a  very  light  gas,  escapes  the  atmosphere,  whereas 
the  heavier  oxygen  atoms  remain  and  combine  to  form  molecular  oxygen.  This 
process  is  very  slow  and  not  adequate  to  account  for  the  present  percentage  of 
oxygen  in  our  atmosphere.  Another  source  of  oxygen  is  green  plants.  Oxygen  is 
generated  during  photosynthesis. 

Composition  of  the  Atmosphere 

Atmosphere  may  be  defined  as  a  gaseous  envelope  surrounding  the  earth.  It 
is  found  to  be  complex  system,  not  a  simple  chemical  element  nor  even  a 
compound,  but  a  relatively  stable  mixture  of  a  number  of  gases.  Four  gases,  viz 
nitrogen,  oxygen,  argon,  and  carbondioxide  account  for  99.98%  of  the  air  by 
volume.  In  addition  to  these  gases  atmosphere  also  contains  water  vapour. 
Another  constituent  of  the  atmosphere  is  the  aerosol  which  come  from  natural 
and  man-made  sources.  These  include  suspended  particles  of  sea  salt,  dust, 
organic  matter  and  smoke. 

Permanent  gases:  Nitrogen  forms  about  78%  of  the  total  volume  of  dry  air, 
and  oxygen  about  21%,  of  the  remaining  per  cent  the  greater  part  is  argon  followed 
by  carbondioxide.  Other  gases  present  are  neon,  helium,  krypton,  hydrogen, 
xenon,  ozone,  radon  etc.  (Table  2.1) 

The  carbondioxide  released  by  the  animals  during  respiration  is  utilized  by 
the  plants  for  photosynthesis  which  in  turn  release  oxygen.  This  reciprocal  use 
by  animals  and  plants  helps  to  maintain  the  ratio  of  these  gases  in  the  atmosphere. 
Sea  water  also  plays  dominant  role  in  controlling  carbondioxide  concentration  of 
the  atmosphere.  When  carbondioxide  concentration  increases,  more  is  absorbed 
by  sea  water  and  when  the  concentration  drops  it  releases  carbondioxide. 
Nitrogen  in  the  atmosphere  is  utilized  by  bacteria  for  fixation. 

Water  vapour :  Water  vapour  contributed  by  evaporation  from  water  bodies 
and  soils  and  transpiration  from  plants  constitutes  an  important  component  of 
the  atmosphere.  The  content  of  water  vapour  is  highly  varying.  It  may  range 
from  a  minute  proportion  to  a  maximum  of  4  per  cent  by  volume. 

Dust:  Apart  from  visible  dust,  air  also  contains  small  particles  of  organic  matter 
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such  as  seeds,  spores  and  bacteria.  It  also  carries  inorganic  particles  such  as 
fine  particles  of  soil  or  of  smoke  or  salts  from  ocean  spray. 

Besides  the  solid  impurities  in  the  atmosphere,  formation  of  NH4  takes  place 
frequently  by  N,  and  H2  of  the  atmosphere  at  the  time  of  lightening.  The  NH4 
thus  formed  is  carried  down  by  rains  to  soil. 


Table  2.1  Principal  gases  of  dry  air 


Constituent 

Per  cent  by  volume 

Nitrogen  (N.,) 

78.08 

Oxygen  (02) 

20.94 

Argon  (Ar) 

0.93 

Carbondioxide  (CO.,) 

0.03 

Neon  (Ne) 

0.00182 

Helium  (He) 

0.000524 

Methane  (CH4) 

0.00015 

Krypton  (Kr) 

0.000114 

Hydrogen  (H.,) 

0.00005 

Properties  of  atmosphere 

1.  It  exerts  pressure 

2.  It  has  weight 

3.  It  supports  combustion 

4.  It  diffuses  heat  and  gases 

5.  It  conducts  sound 

6.  It  is  denser  to  the  surface  of  the  earth  and  becomes  thinner  as  it  goes  up 
to  a  height  of  3 'A  miles. 

7.  The  temperature  of  the  atmosphere  decreases  by  about  1°C  for  every  100  m 
in  altitude.  But  this  fall  in  temperature  does  not  take  place  beyond  a  certain 
limit. 

Stratification  of  Atmosphere 

The  atmosphere  is  divided  vertically  into  four  layers  on  the  basis  of 
temperature  (Fig  2.1). 

Troposphere :  The  lowermost  layer  of  the  atmosphere  is  called  troposphere. 
It  is  the  zone  where  weather  phenomena  and  atmospheric  turbulence  are  most 
marked  and  contains  75%  of  the  total  gaseous  mass  of  the  atmosphere  and 
virtually  all  the  water  vapour  and  aerosols.  Throughout  this  layer  there  is  a 
general  decrease  in  temperature  with  height  at  a  mean  rate  of  about  6.5°  C/km 
and  the  whole  layer  is  capped  in  most  places  by  temperature  inversion  layer  (layer 
of  relatively  warm  air  above  a  colder  one).  This  inversion  layer  is  called 
tropopause.  Variations  ir.  the  altitude  of  troposphere  exist  between  different 
latitudes.  Its  elevation  is  16  km  at  the  equator  and  8  km  at  the  poles. 

Stratosphere:  A  second  major  atmospheric  layer  is  the  stratosphere  which 
extends  upwards  from  the  tropopause  to  about  50  km.  In  the  stratosphere  the 
temperature  at  first  remains  nearly  constant  to  the  height  of  20  km  thtn  it  begins 
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(Source  :  Model  WS01.  Delta  -  T  Devices  Ltd.  Cambridge) 
Fig.  2.1  Vertical  distribution  of  atmosphere  with  different  zones 


to  increase  until  the  height  of  about  50  km  above  the  earth's  surface.  The  top  of 
the  layer,  where  maximum  temperatures  are  attained  is  called  as  stratopause. 
Higher  temperature  occurs  in  the  stratosphere  because  of  absorption  of  ultraviolet 
radiations  by  ozone. 

Mesosphere:  Above  the  stratopause  average  temperature  decreases  o 
minimum  of  about  -90°C  around  80  km.  This  layer  is  commonly  referred  to  as  the 
mesosphere.  Above  80  km,  temperatures  again  begin  rising  with  height  and  this 
inversion  is  referred  to  as  mesopause. 
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Thermosphere:  Above  the  mesopause  atmospheric  densities  are  extremely  low. 
The  lower  portion  of  the  thermosphere  is  composed  mainly  of  nitrogen  and 
oxygen  in  molecular  (O,)  and  atomic  (O)  forms  whereas  above  200  km  atomic 
oxygen  predominates  over  nitrogen  (N,  and  N).  Temperatures  rise  with  height 
owing  to  the  absorption  of  ultraviolet  radiation  by  atomic  oxygen. 

Above  100  km  the  atmosphere  is  increasingly  affected  by  solar  X-rays  and 
ultraviolet  radiation  which  cause  ionization.  The  term  ionosphere  is  commonly 
applied  to  the  layers  above  80  km,  although  sometimes  it  is  used  only  for  the 
region  of  high  electron  density  between  about  100  and  300  km. 

Exosphere  is  the  layer  above  ionosphere. 
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Miller,  A. A.  1971.  Meteorology ,  154  pp.  Charles  E.  Merrill  Publishing  Co., 
Columbus,  Ohio. 

QUESTIONS 

1.  Give  the  composition  of  the  atmosphere 

2.  Give  a  diagrammatic  representation  of  vertical  distribution  of  atmosphere. 


3.  Radiation 


M.C.  VARSHNEYA  and  B.i.  KARANDE 


The  prime  source  of  energy  injected  into  our  atmosphere  is  the  sun,  which  is 
continually  shedding  part  of  its  mass  by  radiating  waves  of  electromagnetic 
energy  and  high-energy  particles  into  space.  Radiation  is  a  form  of  energy  that 
is  emitted  by  all  objects  having  a  temperature  above  absolute  zero.  It  is  the  only 
form  of  energy  that  can  travel  through  the  vacuum  of  outer  space.  Thus,  energy 
receipt  and  disposal  from  earth  must  be  in  the  form  of  radiation. 

Radiation  is  propagated  in  the  form  of  electromagnetic  waves  from  its  source 
of  emittance.  Electromagnetic  wave  corresponds  to  oscillations  of  the  electric 
and  magnetic  vectors  perpendicular  to  each  other  represent  magnetic  fields 
(Fig  3.1).  A  wavelength  of  electromagnetic  wave  is  the  distance  between  two 
successive  points  of  the  same  phase  along  the  wave.  Electromagnetic  spectrum 
consists  of  wide  range  of  wavelength  (Fig  3.2)  extending  from  cosmic,  gamma 
rays  (wavelength  <  10 9  nm)  to  electric  waves  (wavelength  >  1015  nm).  The 
wavelengths  of  major  interest  in  agriculture  are  the  ultra-violet  (UV),  visible  (PAR) 
and  infrared  (IR).  Wavelengths  below  400  nm  is  referred  to  as  ultra-violet  (UV). 
The  visible  region  also  called  photosynthetically  active  radiation  (  PAR)  extends 
from  approxima  tvly  iV/0  l  VJ  700  nm  and  is  sub-divided  into  various  wave  bands 


Fig.  3.1  Electromagnetic  wave 
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(Table.  3.1).  The  divisions  are  based  on  subjective  colours  experienced  by  humans. 
The  infrared  (IR)  region  has  wavelength  longer  than  those  of  the  red  end  of  the 
visible  spectrum,  up  to  40,000  nm. 

Table  3.1  Spectrum  of  ultra-violet  (UV),  visible  (PAR)  and  infrared  (IR)  radiations 


Color 

Approximate 
wavelength 
range  (nm) 

Representative 

wavelength 

(nm) 

Frequency 
(cycles  s'1 
or  hertz) 

Energy 
(kJ  mol1) 

Ultra  violet 

below  400 

254 

11.30  x  1014 

471 

Photosynthetically 

active  radiation 

Violet 

400  to  425 

410 

7.31  x  1014 

292 

Blue 

425  to  490 

460 

6.52  x  1014 

260 

Green 

490  to  560 

520 

5.77  x  io14 

230 

Yellow 

560  to  585 

570 

5.26  x  io14 

210 

Orange 

585  to  640 

620 

4.86  x  io14 

193 

Red 

640  to  740 

680 

4.41  x  1014 

176 

Infrared 

above  740 

1400 

2.14  x  io14 

85 

(Source  :  Nobel,  P.  S.  1983.  Biological  Plant  Physiology  and  Ecology) 

The  per  cent  of  solar  radiation  received  on  earth  in  different  region,  i.e.  UV, 
PAR  and  IR  is  presented  in  Table  3.2. 

Table  3.2  Percentage  of  solar  radiation  received  on  earth 


Radiation 

• 

Wave  Band  (nm) 

Energy  (%) 

X  &  y  Rays 

0  -  300 

1.2 

UV 

300  -  400 

7.  8 

PAR(Visible) 

400  -  700 

39.  8 

IR  (Near) 

700  -  1500 

38.  8 

[R  (Far) 

1500  -oo 

12.  4 

(Source:  Montieth  and  Unsworth  1990.  Principles  of  Environmental  Physics) 

Basic  Concepts 

The  wavelength  of  electromagnetic  radiation  is  given  by: 


V 


...(3.1) 


where,  X  >  wavelength  (the  shortest  distance  between  two  consecutive  points  of 
same  phase  on  a  wave  pattern);  v,  frequency  (number  of  vibrations 
per  second);  c,  speed  of  light  (a  universal  constant  approximately  equal 
to  3  x  108  m  s  ') 

The  time  period  t  (time  of  one  vibration)  is  equal  to  1/y,  and  the  wave  number 
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is  equal  to  1/^ . 

Radiant  flux  density:  It  is  defined  as  the  energy  received  on  a  unit  surface  in 
unit  time  (previously  it  was  referred  to  as  'intensity').  Its  unit  in  SI  system  is  watt 
per  meter  square  (W  nr2)  or  joule  per  meter  square  per  second  (J  nr2  s  ')  while 
in  CGS  system  is  calorie  per  centimeter  square  per  minute  (cal  cm  2  min1),  where 
1  cal  cm'2  min'1  =  697.93  Wm  2. 

Blackbody  Radiation:  A  body  that  emits  radiation  at  the  maximum  possible 
intensity  in  every  wavelength  is  a  'blackbody'.  Such  a  body  will  also  absorb  all 
radiation's  incident  upon  it  completely.  The  bladkbody'is  a  physical  ideal,  a  perfect 
radiator  and  the  perfect  absorber. 

Emissivity  (z):  It  is  defined  as  the  ratio  of  the  emittance  of  a  given  surface  at 
a  specified  wavelength  and  temperature  to  the  emittance  of  an  ideal  blackbody 
at  the  same  wavelength  and  temperature.  Thus,  the  emissivity  8  of  a  blackbody 
is  unity. 

Absorptivity  (cl):  It  is  defined  as  the  ratio  of  the  amount  of  radiant  energy 
absorbed  to  the  total  energy  incident  upon  the  surface.  Thus,  the  absorptivity 
(a)  of  a  blackbody  is  also  unity.  Hence,  for  a  blackbody,  8  =  a  =  1,  in  contrast, 
for  a  'white  body',  8  =  a  =  0.  Natural  bodies  are  having  absorpitivity  or  emissivity 
less  than  one.  Earth  behaves,  in  total,  as  a  'grey  body'. 

Reflectivity  (r):  It  is  defined  as  the  ratio  of  the  radiant  energy  reflected  from 
the  surface  to  the  total  energy  incident  upon  the  surface. 

Transmissivity  (t):  It  is  defined  as  the  ratio  of  transmitted  radiation  to  the 
total  radiation  incident  upon  the  surface. 

The  sum  of  absorptivity,  reflectivity  and  transmissivity  of  a  surface,  at  a  specific 
wavelength,  is  equal  to  or  less  than  unity.  Thus 

a  OJ  +  r  (A.)  +  t  (  X)  =  1  ...(3.2) 

Laws  of  Radiation 

The  radiation  laws  of  wave  and  particle  concept  are  given  below, 

Kirchoffs  law:  The  law  states  that  a  good  absorber  of  radiation  is  also  a 
good  emitter  under  similar  conditions. 

ea)  =  <xa)  ...(3.3) 

Planck's  law:  Planck  introduced  the  'particle  concept'  suggesting  that  the 
electromagnetic  radiation  consists  of  a  stream  or  flow  of  particles  or  quanta.  Each 
quantum  has  an  energy  content  E  given  by, 

E  =hv  ...(3.4) 

where  h  is  Planck's  constant  with  a  value  of  6.626  x  10'34  Js.  The  greater  the 
frequency  (shorter  wavelength),  the  greater  is  the  energy  content  of  the  quantum. 

Stefan-Boltzman  Law  (or  Stefan's  Law):  The  energy  flux  density  E  of 
radiation  from  a  blackbody  is  a  function  of  fourth  power  of  its  absolute 
temperature. 

E  =  <jT4 


...(3.5) 
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where,  a  is  Stefan-Boltzman  constant  equal  to  5.67  *  10‘8  Jnr2  s'1  °K4  or 
5.67  x  10-8  Wnr2  °K4. 


Wien 's  Displacement  Law:  The  wavelength  of  maximum  emission  X  max  is 
inversely  proportional  to  absolute  temperature  of  the  radiating  body. 


X 


max 


...  (3.6) 


Where  X  max  is  expressed  in  micrometer  (flm),  T  is  expressed  in  °K  and  co  is 
Wien's  constant  having  value  2897  flm  °K. 


Radiation  Receipt  on  Earth  Surface 

The  sun  is  a  blackbody  whose  temperature  is  approximately  6000  °K.  Hence, 
by  Wien's  law, 

2897 

A,max(sun)  = - =  0.483pm 

6000 

This  wavelength  is  under  short-wave  band  hence,  the  solar  radiations  are 
known  as  short-wave  radiations.  It  ranges  from  0.15  to  4.0  fl  with  a  peak  at  0.483 
|Lt .  The  flux  density  (or  intensity)  of  the  solar  beam  at  the  top  of  the  atmosphere 
and  at  the  earth's  mean  distance  from  the  sun,  is  known  as  solar  constant,  which 
has  been  estimated  between  1350  to  1400  W  m-2  (the  current  best  estimate  is 
1370  W  m-2  or  approximately,  1.94  cal  cm-2  min-1  ).  Incoming  solar  radiation 
received  on  the  surface  of  the  earth  is  known  as  insolation. 

The  quantity  of  solar  radiation  incident  on  a  horizontal  unit  surface  of  the 
earth  depends  on  number  of  factors,  these  include  the  intensity  of  radiation 
emitted  by  the  sun,  astronomical  factors  determining  the  position  of  the  sun  in 
the  sky  and  the  general  transparency  of  the  atmosphere. 

Direct  radiations  are  those,  which  cast  shadow.  The  solar  radiation's  directly 
received  on  a  unit  horizontal  surface  is  called  as  direct  radiation.  While,  diffused 
radiation  (sky  radiation)  is  defined  as  that  portion  of  radiation  which  reaches 
the  earth  surface  after  having  been  scattered  from  the  direct  beam  of  the  sun,  by 
molecules  or  suspensions  in  the  atmosphere.  An  object  shaded  from  direct  beam 
would  be  illuminated  by  scattered  radiation  or  'sky  radiation'  and  would  not  be 
in  the  dark.  Before  sunrise  and  after  sunset  all  radiations  received  on  a  horizontal 
surface  are  diffuse  radiation.  The  total  of  direct  solar  radiation  and  diffuse  sky 
radiation  received  on  a  horizontal  surface  is  called  as  global  solar  radiation. 

Length  or  duration  of  sunshine  (bright  sunshine  hours)  during  the  day  is 
■very  important  for  the  growth  and  development  of  plants.  Short  day  plants  need 
duration  of  bright  sunshine  less  than  the  critical  photoperiod  whereas,  long  day 
plants  need  long  duration  of  sunshine.  Thus  duration  of  sunshine  is  very 
important  in  plant  life  to  decide  the  plant  morphology. 

Long  wave  radiation  from  the  earth:  The  insolation  absorbed  by  the  earth 
warms  up  the  earth  surface,  which  radiate  infrared  radiation  as  a  function  of 
surface  temperature.  The  earth  behaves  as  a  blackbody  with  mean  surface 
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temperature  of  about  300°  K.  Hence, 

.  2897 

/uux(earth)  = - =  9.66  pm 

300 

Therefore,  it  is  known  as  long  wave  radiation.  The  atmosphere,  which  has  tfrt 
temperatures  varying  from  cold  to  terrestrial  temperatures  up  to  323°K  (50°C), 
also  radiates  to  earth  in  the  long  wave  band.  The  long  wave  radiation  radiated 
both  from  earth  surface  and  atmosphere  is  also  known  as  terrestrial  radiation. 
The  range  of  terrestrial  radiation  is  from  4  to  80  JT  with  a  peak  at  9.66  JT. 

Spectral  Distribution 

Spectral  distribution  of  solar  radiation  received  at  the  top  of  atmosphere  and 
at  earth  surface,  at  solar  noon,  is  given  in  Fig  3.3.  The  outer  line  shows  the  spectral 
distribution  of  solar  radiation  received  at  the  top  of  atmosphere,  while  inner  line 
shows  the  spectral  distribution  of  solar  radiation  received  at  the  earth  surface.  A 
quantitative  reduction  in  irradiance  results  from  atmospheric  absorption  and 
scattering. 


(Source  :  Handbook  of  Geo-physics  and  Space  Environments,  p  1620  Me  Graw-Hill, 

New  York) 


Fig.  3.3  Spectrum  of  solar  radiation  at  the  top  of  the  atmosphere  (upper  curve)  and  at  sea 
level  (lower-curve)  for  average  atmospheric  conditions  and  an  overhead  sun. 

The  shaded  area  represents  absorption  by  gaseous  constituents,  as  indicated. 

The  ozone  and  oxygen  of  the  atmosphere  absorb  most  of  the  ultra  violet 
radiation.  Qualitative  changes  in  the  visible  range  are  few  except  at  the  red  end 
of  the  spectrum.  In  the  far  red  and  infra-red  there  are  major  depletions  due  to 
water  vapour  and  carbon  di-oxide. 
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Absorption  by  C02,  H20  and  03 

Absorption  spectra  of  major  atmospheric  constituents  viz.,  oxygen,  ozone, 
carbon  di-oxide,  nitrous  oxide,  methane  and  water  vapours  are  given  in  Fig.3.1. 
Ozone  is  a  perfect  absorber  of  ultra-violet  radiation  up  to  0.3  flm.  Another  peak 
due  to  absorption  by  ozone  is  at  9.6  flm.  Carbon  di-  oxide  has  important 
absoiption  peaks  at  about  2.3  and  4.0  m  and  another  major  peak  at  about  15.0 
flm  Water  vapour  is  the  selective  absorber  between  5.0  and  8.0  flm  and  a 
window  occurs  between  8.0  and  14.0  flm. 


(Source  :  R.M.  Goody,  Atmospheric  Radiation,  p.  4  Oxford  Univ.  Press) 

Fig.  3.  4  Atmospheric  absorption  in  clear  air  for  solar  radiation  with  a  zenith  angle  of  50  and 

for  diffuse  terrestrial  radiation. 


Albedo 

A  certain  part  of  the  energy,  received  from  the  sun,  is  reflected  back  to  space 
by  the  earth.  The  reflectivity  is  termed  as  albedo.  It  is  defined  as  the  ratio  of 
reflected  shortwave  radiation  to  the  incident  shortwave  radiation  on  a  surface 
and  expressed  in  percentage.  The  term  short  wave  albedo  is  used  for  the  total 
solar  spectrum  (0.3-  4.0jLlm)  while,  the  term  visible  albedo  is  used  for  the  visible 
wave  band  (0.4-0.7flm).  The  albedo  of  crop  surfaces  is  ranging  between 
23-30%. 


Energy  balance 

The  total  of  all  incoming  and  outgoing  radiation's  over  earth  surface  is  zero 
(Fig  3.5).  About  31%  of  the  incoming  energy  is  immediately  reflected  back  into 
the  space  (known  as  albedo)  from  the  atmosphere,  clouds  and  the  earth's  surface 
(i.e.  21%  by  clouds,  6%  by  air,  dust  and  water  vapour  and  4%  by  earth's  surface), 
leaving  about  69%  to  heat  the  earth  and  its  atmosphere.  Out  of  this,  about  18% 
are  absorbed  directly  by  ozone  and  water  vapours,  3%  by  clouds,  and  48%  is 
absorbed  by  the  earth's  surface. 

Radiation  Balance 

The  total  of  all  incoming  and  outgoing  radiation's  over  a  surface  is  zero.  The 
radiation  balance  over  a  crop  surface  is  as  follows 

R  =  S  +  H  +  LE  +  PS  +  M  ...  (3.7) 

n 

where,  Rn  is  net  radiation,  S  is  surface  soil  heat  flux,  H  is  sensible  heat  flux,  LE 
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Fig.  3.  5  The  balance  of  the  atmospheric  energy  budget  (data  after  Frohlich  and  London  1986).  The  transfers  are  explained  in  the  text.  Solid  lines  indicate 
energy  gains  by  the  atmosphere  and  surface  in  the  left-hand  diagram  and  the  troposphere  in  the  right-hand  diagram.  The  exchanges  are  referred  to  100  units  of 

incoming  solar  radiation  at  the  top  of  the  atmosphere  (equal  to  342  Wrn-2  or  o.5  cal  cm-2  min-1). 
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is  latent  heat  flux,  PS  and  M  are  the  energy  fixed  in  plants  by  photosynthesis 
and  energy  involved  in  respiration,  respectively.  The  PS  and  M  are  assumed 
negligible  due  to  their  minor  contribution  (about  1-2%  of  R  ). 

Net  radiation  (Rn):  The  net  radiation  is  the  difference  between  total  incoming 
radiations  (both  short-wave  and  long-wave)  and  outgoing  radiations  (both  short¬ 
wave  and  long-wave)  and  is  a  measure  of  the  energy  available  at  the  ground 
surface.  It  is  the  energy  available  at  the  earth’s  surface  to  drive  the  processes  of 
air  and  soil  heating,  evaporation,  photosynthesis  and  respiration.  Under  clear 
skies,  in  middle  and  lower  latitudes,  the  diurnal  regime  of  radiative  exchanges 
generally  shows  a  mid  day  (12.00  h)  maximum  of  absorbed  solar  radiation.  A 
maximum  of  infrared  (long-wave)  radiation  is  also  emitted  by  the  heated  ground 
surface  at  midday  (12.00  h).  In  general,  the  net  radiation  is  positive  between  an 
hour  after  sunrise  and  an  hour  before  sunset  with  a  maximum  at  midday. 

Soil  heat  flux  (S):  It  is  the  flux/flow  of  heat  into  or  out  of  the  soil  through  a 
process  of  conduction.  Soil  constitutes  a  major  storage  for  heat,  acting  as  a  sink 
for  energy  during  the  day  and  a  source  at  night.  In  annual  terms,  the  soil  stores 
energy  during  the  warm  season  and  releases  it  to  the  air  during  cold  season  of 
the  year. 

Sensible  heat  flux  (IT):  It  is  the  flux  of  the  sensible  heat  between  the  surface 
and  air  near  the  surface.  It  is  the  flow  of  heat  through  the  process  of  convection 
between  surface  and  air  as  sensible'  heat  flux  because  it  is  that  transfer  which 
determines  air  temperature,  a  property  of  air  that  is  measured. 

Latent  heat  flux  (LE):  It  is  the  flux  of  latent  heat  to  and  from  the  surface 
through  evaporation  of  water  or  condensation.  In  other  words,  the  amount  of 
heat  required  in  the  process  of  evaporation  and  the  amount  of  heat  released  in 
the  process  of  condensation  is  nothing  but  latent  heat. 

Photosynthesis  (PS):  It  is  the  quantum  of  radiation,  which  is  absorbed  by  the 
plant  and  converted  into  biomass. 

Metabolic  heat  (M):  It  is  that  part  of  radiation,  which  is  utilized  by  the  plant 
m  respiration  and  in  maintaining  its  canopy  temperature. 

The  energy  balance  over  wheat  crop,  at  flowering  stage,  at  midday  is  latent 
heat  flux  (101%),  soil  heat  flux  (6-13  %)  and  sensible  heat  flux  (2-  8%).  The  energy 
over  100%  is  due  to  heat  advection. 

There  are  four  main  aspects  in  which  radiation  influence  plant  life. 

Thermal  effect:  Radiation  is  major  mode  of  energy  exchange  between  plant 
and  aerial  environment.  Solar  energy  provides  the  main  energy  input  to  plants, 
with  most  of  this  energy  converted  into  heat  and  driving  other  radiation  exchange 
processes  such  as  transpiration,  respiration,  and  partitioning  etc. 

Photosynthesis:  Solar  radiation  between  400  to  760  nm  is  useful  for 
photosynthesis.  In  this  process  radiation  is  converted  into  biochemical  energy 
and  stored  in  chemical  bonds.  Photosynthesis  is  characteristics  of  plants  and 
provides  the  main  input  of  free  energy  into  the  biosphere. 

Photo-morphogenesis:  The  quantity,  quality  and  duration  of  short  wave 
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radiation  also  play  an  important  role  in  the  regulation  of  growth  and  development. 

Mutagenesis:  High  energy  radiations  viz.,  ultra-violet,  X  and  gamma  radiation 
have  damaging  effect  on  living  cells.  These  rays  are  affecting  the  structure  of 
genetic  material. 

Radiation  Instruments 

1.  Pyrheliometer.  It  measures  the  direct  component  of  solar  radiation  at 
normal  incidence. 

2.  Pyranometer.  It  measures  the  global  solar  radiation  reaching  the  earth's 
surface  (Fig.  3.6)  (W  nr2). 


(Source  :  Model  DWR  8101,  Dynalab,  Pune  -  7) 
Fig.  3.6  Global  Solar  Radiation  Pyranometer 


3.  Shading  ring  Pyranometer.  It  measures  the  diffused  radiation  (W  nr2).  But 
this  is  having  a  shading  ring,  which  cast  shadow  on  the  sensor  throughout 
the  day  Direct  radiation  is  obtained  by  taking  differential  of  global  and 
diffused  radiation. 

4.  Pyradiometer.  It  measures  the  long  wave  radiation  either  in  upward  or 
downward  direction  (  W  nr2  ). 

5.  Net  radiometer.  It  measures  the  balance  between  upward  and  downward 
total  radiant  Energy  (W  nr2 ). 

6.  Sunshine  recorder.  It  measures  bright  sunshine  hour  and  cloudiness 
(Fig.  3.7)  (h). 

7.  Albedometer.  It  is  measured  by  a  special  pyranometer  in  which  incident 
and  reflected  radiation  are  measured  by  two  pyranometer  designed  back 
to  back  on  a  single  thermopile  with  two  domes  (%). 

Quantum  sensors  record  number  of  photons  received  on  unit  area  per  second 
(m  E  nr2  s1).  Illuminance  (brightness)  of  light  is  measured  with  luxmeter  or 
photometric  sensors.  The  unit  is  foot  candle  (fc)  or  lux  (1)  (lk  lux  =  92.9  fc  =  4.0 
Wm-2  approximately).  Quantum  and  photometric  sensors  both  are  made  of 
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photodiode  or  special  transistor  working  on  the  principle  of  photoelectric  effect. 
Green  house  effect 

The  term  'green  house  effect'  is  frequently  used  in  discussions  of  the  possible 
impacts  of  various  pollutants  on  the  earth's  radiative  balance.  Water  vapours, 
carbondioxide  and  other  materials  of  organic  origin  are  essentially  transparent  to 
short-wave  radiation,  but  are  effective  absorbers  in  the  thermal  region  (long-wave 
region)  of  the  electromagnetic  spectrum.  Hence,  any  increase  in  the  concentration 
of  these  substances  in  the  atmosphere  is  expected  to  increase  global  temperature 
through  trapping  of  the  terrestrial  radiation.  This  phenomenon  of  trapping  the 
terrestrial  radiation,  re-radiating  back  to  earth  surface  and  in  turn  to  heat  it, 


Fig.  3.7  Bright  days  with  little  or  no  cloud  of  the  Sun's  rays,  concentrated  through  the  glass 

sphere,  bum  the  card  encircling  the  recorder. 


resulting  in  the  increase  in  temperature  is  known  as  greenhouse  effect.  The 
analogy  has  been  made  with  the  behaviour  of  a  green  house  or  more  properly  a 
'glass  house'  since,  glass  is  essentially  permeable  to  radiation  in  the  visible  wav, 
band  but  impermeable  to  infrared  or  long-wave  radiation. 
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QUESTIONS 

1.  Give  the  units  of 


(1)  Bright  sunshine  hours 

(2)  Radiant  flux  density 

(3)  Albedo 

(4)  Wavelength 

(5)  Frequency 

Define  the  following  terms: 

(1)  PAR 

(2)  Wavelength  (3)  Frequency 

(4)  Insolation 

(5)  Albedo 

3.  Write  a  short  note  on  albedo. 

4.  Write  a  short  note  on  green  house  effect. 

5.  What  is  radiation?  Explain  range  of  wavelength  and  percent  energy  received 
in  ultra  violet,  visible  and  infrared  radiation. 

6.  What  is  radient  flux  density?  Explain  characteristics  of  a  surface  receiving 
radiation. 

7.  Define  solar  constant  and  find  out  the  wavelength  of  maximum  emission  of 
sun  and  earth. 

8.  Explain  spectral  distribution  of  solar  radiation  at  the  top  of  atmosphere  and 
absorption  by  its  major  constituent's  viz.,  ozone,  carbon  dioxide  and  water 
vapours. 

9.  Explain  radiation  balance  over  a  crop  surface. 

10.  Explain  with  the  help  of  a  neat  diagram  energy  balance  of  earth  -  atmosphere 
system. 


4.  Air  Temperature 
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Temperature  is  the  most  important  variable  of  weather.  Air  temperature  has 
important  role  to  play  in  growth  and  development  of  all  the  plants.  It  affects  the 
plant  and  animal  life  in  all  stages  of  growth. 

It  is  the  measure  of  degree  of  hotness  of  a  body  whether  solid,  liquid  or  gas.  All 
the  molecules  in  a  body  are  in  a  state  of  random  motion.  Temperature  is  arising 
from  the  random  motion  of  all  the  molecules  in  that  body.  Thus,  it  is  a  measure  of 
speed  (mean  kinetic  energy)  of  the  molecules  in  that  body.  The  difference  of 
temperature  of  two  bodies  indicates  the  direction  of  flow  of  heat  energy. 

Temperature  scales 

There  are  three  scales  of  temperature  in  current  use.  These  are  Celsius  scale, 
Fahrenheit  scale  and  Kelvin  or  Absolute  scale.  The  S.  I.  unit  for  temperature  is 
degree  Celsius  designated  as  °  C.  Thermodynamic  scale  uses  degree  Kelvin  (°  K) 
as  the  unit. 

Table  4.1  Different  temperature  scales  used  for  the  measurement  of  temperature 


Scale 

Ice  Point 

Steam  point 

Celsius 

o 

o 

o 

100°C 

Fahrenheit 

32°  F 

212°  F 

Kelvin 

273°  K 

373°  K 

The  following  expression  could  be  used  to  convert  one  scale  into  another 
scale. 

K=C+  273  ...(4.1) 

(F-32)/ 180=  C/100  ...(4.2) 

Air  temperature 

Atmospheric  temperature  is  continuously  changing  during  day.  It  is  never, 
steady  or  constant  for  a  long  time.  Therefore,  quantification  of  atmospheric 
temperature  is  very  important.  The  atmospheric  temperature  can  be  quantified  in 
different  ways. 

(i)  Maximum  temperature  (Tmax):  It  is  the  highest  temperature  attained  by  the 
atmosphere  in  diurnal  variation. 

(ii)  Minimum  temperature  (Tmin):  It  is  the  lowest  temperature  attained  by  the 
atmosphere  in  diurnal  variation. 

The  mean  daily  temperature  (Tavg)  is  generally  the  average  of  the  24  values  of 
hourly  temperature  observed  during  that  day.  When  thermograph  record  is  not 
available  then  it  is  computed  an  average  of  the  maximum  and  the  minimum  for  the 
day. 


Tavg  =  (Tmax  +  Tmin )/  2 


...(3) 
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Monthly  means  (  Tmonth )  are  generally  the  averages  of  daily  means. 

Tmonth  =  [  £  ( Tmax  +  Tmin )  /  2  ]  /  30  ...  (4.4) 

The  average  annual  temperature  (  Tannual  )  is  the  average  of  12  monthly 
means. 

Tannual  =  (  £  Tmonth )  /  12  ...  (4.4) 

All  the  weather  stations  keep  the  careful  temperature  records.  Records  extending 
over  at  least  10  years  but  preferably  over  30  or  more  years  are  used  to  establish 
monthly  and  annual  temperature  normal. 

If  a  continuous  thermograph  record  of  at  least  20  years  is  available,  the  normal 
hourly  temperatures  for  the  various  days  of  the  year  may  be  computed  by  taking 
the  average  of  the  temperatures  at  a  given  hour  of  the  given  day  for  all  the  years. 
Normal  daily  temperature  is  the  average  of  the  mean  daily  temperatures  for  date  in 
question  for  a  sufficient  number  of  years.  When  reference  is  made  to  a  normal,  the 
period  must  be  specified,  usually  normals  are  computed  for  a  period  of  30  years  or 
more. 

Factors  Affecting  the  Air  Temperature 

The  distribution  of  temperature  over  the  earth  surface  depends  on  a  number  of 
controlling  factors. 

Latitude:  Temperatures  are  the  highest  at  the  equator  and  the  lowest  at  the 
poles.  The  temperature  decreases  with  the  increase  of  latitudes. 

Altitude:  Temperature  decreases  with  height  in  troposphere. 

Seasons:  Coldest  temperature  is  in  winter  and  highest  temperature  is  in  summer 
seasons. 

Distribution  of  land  and  water:  Water  bodies  are  great  moderators  of 
temperature  because  of  high  specific  heat  of  water,  so  on  the  oceans,  the  regularity 
in  temperature  is  more  as  compared  to  continents. 

Topography:  Mountain  ranges  affect  the  temperature  by  acting  as  obstacles  to 
the  flow  of  cold  air  near  the  surface  and  they  often  set  conditions  of  warm  winds. 

Ocean  currents:  Hot  and  cold  ocean  currents  affect  temperature,  e.g.  Gulf  stream 
(warm)  in  North  Atlantic,  Venezuela  current  (cold)  along  west  coast  of  South 
Africa,  Peru  current  (cold)  along  west  coast  of  South  America. 

Winds:  Various  types  of  winds  affect  temperature. 

Clouds  and  rains:  Clouds  by  obstructing  the  heat  of  the  sun  whereas  rains  by 
cooling  the  atmosphere  affect  the  temperature 

Colour  of  the  Soil:  Black  colour  soils  absorb  more  radiation  and  other  types 
reflect  them. 

Slope  of  the  land:  Perpendicular  component  of  solar  radiation  impart  more  heat 
while  inclined  radiation  impart  less. 

Forest  and  vegetation:  Due  to  evapo-transpiration  and  interception  of  sun- 
rays,  temperatures  are  moderated. 


Station  CASAMPUNE  Date  23/12/02  Time  On  8.00  Date  24/12/02  Time  Off  8.00  Daily  Chart  no  DT  I 
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Diurnal  Variations 

The  cycle  of  temperature  change  during  each  24' hours  period  is  called  diurnal 
variations.  The  minimum  temperature  occurs  at  about  sunrise  on  any  clear  day, 
after  which  there  is  a  continuous  rise  in  temperature  up  to  noon.  The  maximum  is 
recorded  at  2-3  pm  and  is  followed  by  fall  in  temperature  continuing  until  next 
morning.  Thus,  diurnal  variation  displays  one  maximum  and  one  minimum,  similar 
to  sinusoidal  curve.  The  half  of  the  difference  between  the  two  is  called  the 
amplitude  of  daily  oscillations  of  air  temperature.  The  time  delay  of  2-4  hours  in 
reaching  a  maximum  is  due  to  the  heating  up  response  of  earth  -  atmosphere 
system  (Fig  4.1). 

The  amplitude  of  temperature  oscillation  is  an  important  climatic  characteristic 
and  depends  on  numerous  conditions  such  as  topography,  cloud  cover,  vegetation 
etc.  The  difference  between  the  maximum  and  minimum  temperature  attained  is 
referred  to  as  the  daily  range.  The  diurnal  temperature  range  is  the  greatest  at  low 
latitudes  and  at  continental  locations.  It  is  least  at  high  latitudes  and  at  maritime 
locations. 

Annual  pattern  of  air  temperature:  The  change  in  average  daily  temperature 
during  the  year  is  called  as  annual  pattern  of  temperature.  The  annual  pattern  at 
every  station  is  unique  due  to  many  factors  like  latitude,  land  or  sea  presence, 
underlying  surface  etc.  The  difference  between  the  highest  and  the  lowest 
temperature  attained  during  the  year  is  called  as  annual  range.  It  is  the  difference 
between  the  average  temperature  of  the  warmest  and  the  coldest  month. 

Usually,  there  is  a  temperature  lag  of  30  to  40  days  after  the  period  of  maximum 
or  minimum  insolation.  In  the  tropics,  there  are  two  temperature  maxima  and  two 
minima  as  the  sun  passes  back  and  forth  between  the  tropics  of  Cancer  (23.5  °  N) 
and  Capricorn  (23.5  °  S).  Latitude  is  important  factor  for  annual  range.  The  smallest 
range  occurs  near  equator  and  the  largest  in  high  latitudes. 

Horizontal  Distribution  of  T emper ature 

The  change  of  temperature  with  distance  is  known  as  temperature  gradient. 
Horizontal  temperature  gradient  is  the  change  of  temperature  with  horizontal 
distance.  The  average  global  surface  temperature  is  about  130  C  but  local  averages 
vary  widely.  The  isotherms  exhibit  the  horizontal  distribution  of  temperature  across 
the  latitude.  Isotherm  is  defined  as  the  line  on  the  map  that  joins  the  places  of 
equal  temperatures.  Temperatures  of  the  places  above  sea  level  are  converted  to 
their  equivalents  at  sea  level  and  then  they  are  joined.  Isotherms  permit  rapid 
evaluation  of  temperature  gradient,  where  the  isotherms  are  far  apart,  the 
temperature  gradient  is  weak  and  vice  versa.  For  most  places  on  the  earth  the 
January  and  July  represent  the  seasonal  extremes  of  temperature  and  for  this 
reason,  isotherms  of  these  months  are  selected  for  analysis.  The  general  decrease 
in  temperatures  from  the  equator  toward  the  poles  is  one  of  the  most  fundamental 
and  best  known  facts  of  climatology. 

Vertical  Distribution  of  Temperature 

The  change  of  temperature  over  a  unit  distance  along  the  vertical  is  known  as 
vertical  temperature  gradient  or  lapse  rate.  A  positive  lapse  rate  means  a  decrease 
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of  temperature  with  height.  Negative  lapse  rate  is  called  the  inversion,  in  which 
temperature  increases  with  height. 

In  the  free  atmosphere,  there  is  a  continuous  decrease  in  temperature  with 
increasing  elevation  approximately  up  to  13  km  level  after  that  point  there  is  no 
further  reduction  in  temperature.  The  temperature  lapse  is  irregular,  being  the 
strongest  in  the  5-9  km  layer.  On  an  average  it  can  be  said  that  the  temperature 
falls  0.5-0. 6°  C  for  every  1 00  m  rise  in  free  atmosphere.  Thus,  positive  lapse  rate  is 
a  vertical  cooling  rate  of  air  that  is  measured  in  °  C/km. 

As  the  air  ascends  upward,  it  encounters  low  pressure  and  gets  expanded  due 
to  which  the  cooling  is  produced.  Any  such  change  in  volume,  pressure  and 
temperature  of  the  air  when  it  moves  upward  or  downward  which  takes  place 
without  any  addition  or  removal  of  heat  from  the  system  is  known  as  adiabatic 
change.  Thus,  the  rate  of  decrease  in  temperature  of  air  with  increase  in  height,  as 
it  moved  upward  due  to  adiabatic  cooling,  is  termed  as  adiabatic  lapse  rate.  There 
is  also  non-adiabatic  cooling  rate,  which  results  due  to  loss  of  heat  by  radiation, 
mixing  with  cold  mass  or  by  advection.  The  average  lapse  rate  up  to  the  tropopause 
is  6.5°  C/km. 

Stability  and  Instability  of  Air 

Stability:  The  air  in  stable  equilibrium  tends  to  resist  vertical  movements.  A 
stable  condition  of  the  atmosphere  is  often  compared  to  the  stability  of  a  cone 
resting  on  its  base:  if  the  cone,  is  tilted  slightly,  it  returns  to  its  original  position 
when  the  tilting  force  is  removed.  When  air  near  the  ground  is  cold,  its  water 
vapour  content  is  low  and  when  its  density  is  likely  to  be  greater  than  that  of  the 
overlying  air,  considerable  force  would  be  required  to  push  up  that  mass  of  cold 
air.  Under  such  conditions,  the  ajr  is  said  to  be  in  a  state  of  stability.  Obviously, 
this  is  the  condition  when  there  'is  an  inversion  of  temperature.  If  the  vertical 
temperature  gradient  is  less  than  1  degree  per  100  m  then  the  atmosphere  is  in 
stable  equilibrium. 

Stable  conditions  are  usually  found  in  quiet  air  where  there  is  little  or  no 
precipitation  but  often  radiation  fogs,  dew,  or  frost. 

Instability:  Instability  is  that  state  of  air,  when  air  can  be  pushed  up  easily.  It 
does  not  tend  to  resist  vertical  movement  and  when,  if  moved,  it  will  continue  its 
vertical  movement  for  an  indefinite  period,  it  is  said  to  be  unstable,  just  as  a  cone 
would  be  unstable  if  it  were  resting  on  its  apex  instead  of  its  base.  Instability 
results  if  air  over  heated  ground  is  warmed  enough  to  cause  its  density  to  become 
less  than  that  of  the  surrounding  air;  the  latter  would  push  under  the  warm  air  and 
force  it  upward.  If  the  vertical  temperature  gradient  is  greater  than  1  degree  per  100 
m  then  the  atmosphere  is  in  unstable  equilibrium. 

Instability  usually  results  in  winds  of  varying  strength,  in  cloudiness  a^ 
precipitation  and  frequently  under  violent  weather  conditions. 

Cardinal  Temperature 

Three  temperatures  of  vital  activity  related  to  plant  growth  have  been  recognized 
which  are  often  termed  as  cardinal  points. 
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(i)  A  minimum  temperature  below  which  no  plant  growth  occurs 

(ii)  An  optimum  temperature  at  which  the  maximum  plant  growth  occurs 

(iii)  A  maximum  temperature  above  which,  the  plant  growth  stops. 

The  cardinal  points  can  be  measured  only  approximately  because  their  position 
is  related  to  the  environmental  conditions,  the  duration  of  exposure,  the  age  of  the 
plant  and  its  previous  treatment. 


Measurement  of  Temperature 

Following  three  instruments  are  used  to  measure  the  real  air  temperature. 


Thermometers  in  Stevenson's  screen: 
Stevenson's  screen  is  a  cubical  box  of 
dimensions  60  cm  *  75  cm  *  82.5  cm  and 
having  lowered  sides  to  permit  free 
movement  of  air  and  to  protect  the 
instrument  placed  inside  from  sunshine,  rain 
and  wind.  It  has  double  roof  and  the  lower 
roof  is  horizontal.  Between  the  two  roofs  air 
can  move  freely.  The  upper  part  of  the  roof 
obstructs  the  insolation  and  the  circulation 
of  air  between  the  two  prevents  the  lower 
layer  from  becoming  hot.  The  shelter  is 
painted  white  and  located  at  a  height  of  1 .2 
m  from  ground,  facing  North  direction  (Fig. 
4.2). 

Thermometers,  namely  minimum, 
maximum,  dry  bulb  and  wet  bulb 
thermometers  are  placed  in  the  Stevenson’s 
screen,  which  give  the  various  temperatures 
as  shown  in  Fig.  4.2. 


(Source:  Electronic  Equipments,  Pune  9) 
Fig.  4.2  Stevenson’s  screen  with 
thermameters  inside 


Dry  bulb  and  wet  bulb  thermometers  are  mercury  thermometers.  The  maximum 
thermometer  is  also  mercury  thermometer  but  it  has  constriction  in  the  capillary 
tube  near  the  bulb.  The  mercury  column  breaks  at  this  place  when  the  temperature 
reaches  to  maximum  and  further  it  is  decreased.  The  minimum  thermometer  is  an 
alcohol  thermometer.  It  contains  a  dumbbell  shaped  coloured  glass  index  inside 
the  alcohol  column.  The  right  hand  end  of  glass  index  shows  minimum  temperature. 
When  the  air  temperature  decreases  the  alcohol  column  comes  down  and  the 
meniscus  of  the  alcohol  column  drags  the  glass  index  in  the  direction  of  bulb  due 
to  the  force  of  surface  tension.  When  the  air  temperature  rises,  the  alcohol  column 
also  rises  without  affecting  the  position  of  glass  index. 

Assmann  psychrometer:  Assmann  psychrometer  is  also  known  as  aspiration 
thermometer.  It  was  devised  by  Assmann,  in  1887,  in  Berlin.  It  is  a  portable 
instrument  consisting  of  two  sensitive  and  accurate  mercury  thermometers  whose 
bulbs  are  located  in  a  double  jacket  steel  tube.  One  of  these  is  dry  bulb  thermometer 
while  the  other  is  wet  bulb  thermometer,  having  muslin  cloth  around  its  bulb, 
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(Source  :  Model  :  ETD  -1,  Electromec  Equipments,  Pune  9) 
Fig  4.3  a.  Thermograph 


(Source  :  Model  :  ETD  -1,  Electromec  Equipments,  Pune  9) 

Fig  4.3  b  .  Thermograph  lid  open  showing  drum  and  pen 

arrangement 

which  draws  pure  water  from  container,  thus  keeping  the  bulb  wet.  The  instrument 
is  provided  with  a  ventilating  fan,  which  draws  the  air  past  the  bulbs.  Thus  the  dry 
bulb  and  wet  bulb  temperature  of  the  atmosphere  are  obtained.  This  portable 
instrument  is  used  for  the  measurement  of  vertical  profile  of  temperature  and 
humidity  of  the  atmosphere. 

Thermograph :  It  is  used  for  making  a  continuous  record  of  the  temperature 
changes  in  the  atmosphere.  It  consists  of  a  bimetallic  strip  in  which  two  thin 
sheets  of  metal  of  widely  different  coefficient  of  expansion  are  welded  together. 
The  bimetalic  strip  is  generally  helical  in  shape.  When  the  temperature  changes, 
the  two  metals  expand  unequally,  changing  the  curvature  of  the  strip.  This  change 
is  transferred  through  levers  to  a  pen,  which  traces  it  on  the  graph  paper,  wrapped 
round  the  rotating  drum  ( Fig  4.3  a  &  b) 
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Fig.  4.4  Grass  minimum  thermometer 


Grass  minimum  thermometer :  It  is  a  minimum  thermometer  placed  horizontally 

on  two  wooden  supports  at  5  to  6  cm  height  from  ground.  It  is  used  to  measure 

minimum  temperature  at  the  height  of  vegetation.  It  is  kept  after  sunset  for 

observation  and  removed  before  sunrise  (Fig.4.  4). 
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QUESTIONS 

1.  (a)  Enlist  the  commonly  used  scales  of  temperature  measurement. 

(b)  Give  relationship  between  various  scales  of  temperature  measurement. 

2.  How  air  temperature  can  be  quantified  in  different  ways?  Explain. 

3.  Discuss  in  brief  the  various  factors  affecting  the  air  temperature. 

4.  Explain  the  following; 

(a)  Diurnal  variations  in  air  temperature. 
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(b)  Annual  pattern  of  air  temperature. 

(c)  Horizontal  distribution  of  air  temperature. 

(d)  Vertical  distribution  of  air  temperature. 

5.  What  do  you  understand  from  Stability  and  Instability  of  air? 

6.  Give  the  construction  and  uses  of  the  following. 

(1)  Stevenson's  screen 

(2)  Assmann  Psychrometer. 

(3)  Thermograph 

(4)  Grass  minimum  thermometer. 

7.  Fill  in  the  blanks; 

(i)  The  minimum  air  temperature  occurs  at  about _ . 

(ii)  The  maximum  air  temperature  is  reached  between  _ _ pm. 

(iii)  The  fall  in  temperature  for  every  1 00  m  rise  in  free  atmosphere  is  nearly 
_ °C. 

iv)  The  average  lapse  rate  of  temperature  up  to  the  tropopause  is _ °C  /km. 

v)  The  cardinal  temperatures  of  vital  activity  of  plant  growth  are; 

(1) - 

(2) - 

(3)  - 

vi)  The  following  thermometers  are  installed  inside  a  Stevenson's  screen 

(1) - 

(2) - 

(3) - 

(4)  - 

(vii)  Thermograph  consist  of  a  — . to  record  the  temperature  changes 

in  the  atmosphere. 

(viii)  Grass  minimum  thermometer  measures - . 

(ix)  The  line  on  the  map  that  joins  the  places  of  equal  temperatures  is  called 
as - . 
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Soil  temperature  is  an  important  parameter  in  plant  and  distribution.  It  controls 
microbiological  activity  and  various  plant  production  processes.  The  rate  of 
organic-matter  decomposition  and  the  mineralization  of  organic  forms  of  nitrogen 
increase  with  temperature.  Consequently,  the  amount  of  organic  matter  that  remains 
in  the  soils  is  more  under  lower  than  under  higher  temperatures. 

Soil  temperature  affects  plant  growth  first  during  the  germination  of  seeds. 
Seeds  of  different  plants  vary  in  their  ability  to  germinate  at  low  temperatures. 
Germination  is  a  slow  process  in  cold  soil.  Seed  germination  becomes  more  rapid 
as  the  temperature  of  the  soil  rises,  up  to  a  certain  optimum  temperature.  Thus 
cold  or  warm  soils  in  the  spring  have  different  agricultural  significance. 

The  functional  activity  of  plant  roots,  absorption  of  water  and  nutrients,  can  be 
affected  at  both  low  and  high  soil  temperatures.  The  rate  of  growth  and  subsequent 
crop  yields  are  related  to  the  temperature  status.  The  diffusion  rate  of  gases  and 
liquids  changes  with  temperature. 

The  amplitude  of  variations  in  soil  surface  temperature  is  much  more  pronounced 
because  of  the  varying  characteristics  and  composition  of  the  soil.  The  thermal 
regime  of  the  soil  usually  includes  heat  flux  into  the  soil,  the  thermal  characteristics 
of  the  soil,  and  the  heat  exchange  between  soil  and  air. 


Factors  Affecting  Soil  Temperature 

The  temperature  of  the  soil  is  determined  by  the  exchange  of  heat,  then 
temperature  will  increase  or  decrease  depending  on  heat  capacity  of  the  soil. 
There  are  two  types  of  factors,  which  affect  the  soil  temperature,  (i)  Environmental 
and  (ii)  soil  factor. 

Envorinmental  factors:  The  amount  of  radiation  received  by  the  soil  surface  is 
much  less  due  to  absorption  by  atmospheric  constituents  and  other  physical  and 
chemical  processes  in  the  atmosphere.  It  depends  on 

•  The  angle  with  which  the  soil  faces  the  sun  due  to  latitude,  season,  time  of 
the  day,  steepness  and  direction  of  slope  and  altitude  of  the  location. 

•  The  insulation  by  air,  water  vapour,  clouds,  dust,  smog,  snow,  plants  or 
mulch. 

Only  part  of  total  radiation  is  available  to  supply  energy  for  evaporation  and 
transpiration.  The  rest  heats  up  the  soil,  is  used  in  photosynthesis  or  reradiate 
into  the  sky.  Radiation  from  sky  contributes  a  relatively  large  amount  of  heat  to 
the  soil  in  areas  where  the  sun  rays  have  to  penetrate  the  earth  atmosphere  and  is 
radiated  in  all  directions.  In  tropical  countries  the  sun's  rays  pass  through  the 
atmosphere  more  nearly  vertically  and  lose  the  little  of  their  energy.  Therefore,  the 
proportion  of  radiation  from  the  sky  under  such  condition  is  small. 
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Exposure  and  latitude:  The  intensity  of  solar  radiation  per  unit  of  the  surface 
area  is  proportional  to  the  cosine  of  the  angle  between  the  direction  of  radiation 
and  normal  to  the  surface,  the  diurnal  soil  temperature  changes  with  the  sun's 
position.  The  angle  of  incidence  depends  on  the  latitude  and  the  slope  of  the  soil 
surface.  This  effect  is  vividly  seen  in  the  Himalayas  where  the  northern  slopes  are 
covered  with  snow  for  a  longer  period,  while  in  the  southern  slopes,  snow  lasts 
only  for  a  day  or  two.  The  soils  of  northern  slopes  therefore  support  the  growth 
of  good  forests  and  are  suitable  for  apple  orchards.  The  degree  of  the  slope  of  the 
land  also  affects  the  soil  temperature  through  the  direction  of  exposure  appears  to 
be  of  greater  importance  than  the  degree  of  the  slope.  A  5°  slope  with  a  southern 
has  a  solar  climate  similar  to  that  of  a  field  with  a  50  change  in  latitude.  The 
exposure  is  of  little  importance  in  tropics  near  the  equator  due  to  high  elevation  of 
the  sun.  It  is  of  more  significance  in  the  middle  latitudes  where  the  elevation  of  the 
sun  is  lower. 

The  effect  of  latitude  is  primarily  on  the  distribution  on  the  earth's  surface  due 
to  the  angle  which  the  sun's  rays  make  with  the  earth.  The  incoming  short  wave 
radiation  and  outgoing  long  wave  radiation  are  highest  in  the  lower  latitudes. 
Similarly,  albedo  is  lowest  in  the  tropical  regions  and  highest  in  the  lower  latitudes. 
As  a  result,  radiation  distribution,  the  thermal  regime  of  soils  occurring  in  these 
regions  varies  considerably. 

Shade  and  insulation:  Shade  and  insulation  influence  the  soil  temperature  by 
affecting  the  heat  exchanges  at  the  soil  surface.  Bare  soil,  warms  up  quickly  and 
also  loses  heat  quickly.  Soil  protected  by  shade  trees  or  by  a  good  vegetative 
cover  does  not  undergo  such  rapid  changes  in  temperature.  The  vegetation  thus 
acts  as  an  insulating  blanket  and  reduces  the  diurnal  variation  in  soil  temperature 
as  compared  to  bare  soil.  Similar  is  the  effect  of  shading  and  mulching.  Mulching 
affects  the  soil  thermal  regime  by  changing  albedo  or  by  producing  a  greenhouse 
effect  or  by  insulating  the  soil  surface.  Coloured  plastic  mulches  or  other  coloured 
vegetative  materials  achieve  the  change  in  albedo.  The  transparent  plastic  mulches 
allow  the  radiation  to  enter  the  soil  but  reduce  the  heat  loss  producing  the 
greenhouse  effect. 

By  loosening  topsoil  and  creating  mulch,  tillage  reduces  the  heat  flow  between 
the  surface  and  sub-soil.  The  cultivated  soil  has  greater  temperature  amplitude  as 
compared  with  the  uncultivated  soil.  At  noon,  the  air  temperature  one-inch  above 
the  soil  is  5  to  10  0C  higher  in  cultivated  soil  as  compared  to  uncultivated  soil. 

Colour  of  the  soil:  Dark  coloured  soils  will  absorb  more  radiant  energy  than  the 
light  coloured  soils.  Therefore,  dark  coloured  soils  tend  to  maintain  a  higher 
temperature  during  bright  days.  Since  good  energy  absorbers  are  also  good 
radiators,  dark  coloured  soils  also  tend  to  lose  a  greater  energy.  The  final  temperature 
would  depend  on  the  other  thermal  characteristics  of  the  soil.  Because  of  lower 
heat  capacity  sandy  soils  warm  up  more  rapidly  than  clay  soils.  Organic  matter 
reduces  the  heat  capacity  and  thermal  conductivity  of  soil  which  increase  the 
water  holding  capacity  and  due  to  dark  in  colour  its  absorptivity  increases.  In 
humid  climates,  because  of  large  water  content,  peat  and  marsh  are  much  colder 
than  mineral  soils  in  spring  and  warmer  in  winter.  But  when  the  organic  soils  are 
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dry  they  become  warmer  than  mineral  soils  in  summer  and  cooler  in  winter.  Usually, 
dark  coloured  soils  emit  more  heat  during  the  night  and  thus,  allow  a  greater  daily 
variation  in  temperature.  Albedo,  i.e.  the  reflection  factor  for  short-wave  radiation, 
in  percent  is  related  to  soil  colour.  Some  of  the  albedo  values  of  natural  surfaces 
for  total  short  wave  radiation  are  given  in  Table  5.1. 

Table  5.1  Albedo  values  of  natural  surfaces  for  total  short  wave  radiation 


Surface 

Albedo  % 

Fresh  snow 

75-95 

Water 

3-10 

Sand 

35 

Granite 

15 

Dark  clay,  wet 

2-8 

Dark  clay,  dry 

16 

Sand  wet 

18 

Sand  dry 

18 

Bare  field 

12-25 

Wet  ploughed  Fields 

5-24 

Stubble  fields 

15-17 

Grass,  green 

16-27 

Grass,  dried 

16-19 

Grain  crops 

10-15 

Desert  -  mid  day 

15 

Forests 

5-20 

[Source  :  Ghildyal  and  Tripathi  (1987)] 


Soil  Factors  or  Thermal  Properties  of  Soil 

Thermal  properties  relevant  to  the  transfer  of  heat  through  a  medium  and  its 
effect  on  the  average  temperature  in  the  medium  are  the  mass  density,  specific 
heat,  heat  capacity  and  thermal  conductivity. 

Specific  heat:  The  specific  heat  (  C, )  of  a  material  is  defined  as  the  amount  of 
heat  absorbed  or  released  in  raising  or  lowering  the  temperature  of  a  unit  mass  of 
the  material  by  1°C.  The  product  of  mass  density  (p)  and  specific  heat  is  called 
the  heat  capacity  per  unit  volume  or  simply  heat  capacity  (  C  ). 

Through  solid  media  and  still  fluids,  heat  is  transferred  primarily  through 
conduction,  which  involves  molecular  exchanges.  The  rate  of  heat  transfer  or  heat 
flux  in  a  given  direction  is  found  to  be  proportional  to  the  temperature  gradient  in 
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that  direction,  i.e.  heat  fluxes  in  the  Z  direction  (Fig.  5.  1). 

The  limit  of  the  temperature  drop  per  unit  distance,  fiT/  c)Z,  is  known  as  the 
temperature  gradient.  The  equation  relating  to  rate  of  conduction  of  heattp  to 
temperature  gradient  is: 


at 


aT 

=  -KA - 

az 


(5.1) 


Where,  K  is  the  thermal  conductivity  of  the  material.  The  negative  sign  is 
introduced  since  heat  flow  takes  place  in  the  direction  of  decreasing  temperature 
(i.e.  aT/aZ  negative).  In  soils  K  can  vary  considerably  with  moisture  content, 
and  with  soil  type. 


Equation  of  heat  conduction  is 


aT 

at" 


-  K 


a2T 

dx2 


(5.2) 


Where  K  =  K/p  be  is  called  thermal  diffusivity  or  thermometric  conductivity  of 
the  medium.  The  e.g.s.  unit  of  k  is  cm2  sec1.  In  a  situation  where  the  temperature 
of  an  element  of  soil  is  altering,  the  thermal  capacity  (pbc)  of  the  soil  governs  the 
temperature  change  that  will  result  from  the  change  in  quantity  of  heat  in  the 
element,  this  latter  quantity  being  dictated  by  thermal  conductivity  thus,  the 
reciprocal  of  thermal  diffusivity,  1/k  (sec  cm2)  will  control  the  time  necessary  for 


col  cm'1  $cc‘,dcg~lC 
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the  soil  element  to  heat  up  by  conduction  in  any  particular  situation,  the  larger  the 
value  of  1/k  (=pbc/K)  the  longer  it  will  take  to  heat  up.  A  larger  value  of  thermal 
diffusivity  will  lead  to  rapid  changes  in  temperature.  The  soil  heat  flux  component 
flux  component  H  is  continually  varying,  with  daily  and  seasonal  rhythms.  The 
resulting  soil  temperature  distribution  then  depends  on  the  variation  in  k  with 
depth  in  the  soil. 

In  dry  soil  k  is  of  the  order  of  5  x  10'3  cm2  sec1.  All  the  thermal  properties  of  soil 
depend  markedly  on  moisture  content  and  total  porosity.  Porosity  can  be  controlled 
by  cultivation.  The  thermal  conductivity  of  water  ( 1 .4  x  10'3  cal  cm'1  sec'1  0  C1)  is 
less  than  that  of  dry  compact  soil  material.  But  the  conductivity  of  air  (6  x  1 0 5  cal 
cm’1  sec  1  °C)  is  two  orders  of  magnitude  smaller  than  for  water.  Thus  the 
replacement  of  air  between  soil  particles  by  water  materially  increases  the  thermal 
conductivity  of  the  medium  as  a  whole.  The  general  form  of  the  changes  in  the 
thermal  properties  of  soil  moisture  content  is  shown  in  Fig  5.2. 


[Source  :  After  Rider  (1957)]. 

Fig.  5.2  Generalized  curves  illustrating  the  variation  of  thermal  conductivity  of 
k.  Heat  capacity  pc  and  thermal  diffusivity  k  with  water  content  in  soil 


Thermal  conductivity:  It  is  the  quantity  of  heat  flowing  in  a  unit  time  through 
a  1  cm2  cross  section  of  the  soil  in  response  to  a  temperature  gradient  of  1°C  cm'1 
of  depth.  It  varies  with  porosity,  moisture  content  and  matter  content  of  the  soil. 

Factors  affecting  thermal  conductivity:  The  thermal  conductivity  has  been 
found  to  depend  upon  the  proportion  of  solid,  liquid  and  gaseous  phase 
constituting  soil  and  the  size  and  arrangement  of  the  solid  particles.  The  thermal 
conductivity  of  a  soil  is  observed  to  decrease  with  reduction  in  particle  size. 

The  thermal  conductivity  of  water  and  air  are  approximately  1.42  x  10'3  and 
0.062  x  10 3  cal  cnr1  sec1  °C'1,  while  that  of  quartz  is  20.0  x  10'3  cal  cm'1  sec'1  °C'1. 
This  indicates  that  the  thermal  conductivities  of  quartz,  water  and  air  are  in  the 
ratio  333  :  23:1.  Therefore,  a  dry  and  loose  soil  will  be  a  poor  conductor  of  heat 
compared  to  when  it  is  wet  and  compact.  The  thermal  conductivity  of  soil  is 
observed  to  decrease  with  a  reduction  in  particle  size.  The  thermal  conductivity  of 
coarser  to  finer  textured  soils  varies  in  the  order  of  sand  >  loam  >  clay  >  peat.  The 
decrease  in  thermal  conductivity  with  fineness  of  the  texture  associated  with  the 
reduced  area  of  contact  between  the  particles. 
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The  increase  in  water  content  improves  the  thermal  contact  and  as  the  thermal 
conductivity  of  water  is  about  23  times  that  of  air,  the  additional  improved  thermal 
contact  increase  the  thermal  conductivity  of  soil  considerably.  The  thermal 
conductivity  also  increases  with  soil  compaction.  In  a  dry  soil  the  increase  in 
thermal  conductivity  with  compaction  is  associated  with  decreased  porosity  and 
increased  thermal  contact  between  the  soil  particles. 

The  thermal  conductivity  of  organic  matter  is  considerably  less  than  that  of 
many  soil  minerals.  Organic  matter  promotes  granulation  and  further  reduces  the 
thermal  conductivity  of  soil.  The  soils  in  organic  matter  have  a  low  reflection 
coefficient  and  therefore,  stay  relatively  hotter  during  the  day. 

Thermal  diffusivity:  It  is  the  change  in  OC  that  occurs  in  one  second  when  the 
temperature  gradient  change  1°C  per  cm.  In  other  words  it  is  a  ratio  between 
thermal  conductivity  and  heat  capacity. 

Thermal  conductivity 

Thermal  diffusivity  = - 

Volumetric  heat  capasity 

Thermal  conductivity 
Specific  heat  *  density 

Thermal  diffusivity  rises  when  the  moisture  content  reaches  a  certain  maximum 
and  then  falls.  The  thermal  properties  of  various  materials  are  presented  in 
Table  5.2. 

Table  5.2  Thermal  properties  of  soil  components  and  common  soils  (Rosenberg, 
1974) 


Material 

Density 
(g  cm  3 ) 

Specific  heat 
(Cal  g1  °C1) 

Thermal 
Conductivity 
(Cal  cnr1  sec'1 °C1) 

Thermal 
diffusivity 
(cm2  sec1) 

Clay 

1.8 

0.8 

0.0029 

0.002 

Humus  soil 

0.3 

0.3 

0.00027 

0.003 

Wet  sandy  soil 

1.6 

0.4 

0.0064 

0.01 

Air 

0.0012 

0.24 

0.00005 

0.1667 

Water 

1.0 

1.0 

0.0014 

0.0014 

Ice 

0.917 

0.505 

0.005 

0.0108 

Soil  Temperature  Fluctuations 

Daily  and  seasonal  soil  temperature  fluctuations  are  observed  and  considerably 
affect  soil  conditions  and  plant  life.  Diurnal  soil  temperature  variations  are  affected 
by  the  solar  angle,  clouds,  etc.,  the  annual  variations  depend  upon  the  onset  and 
recession  of  rains  or  the  rainy  season  and  the  local  hydrological  conditions 
affecting  the  water  table  depth,  which  modify  the  moisture  regime  of  the  soil 
profile. 

Diurnal  fluctuations:  Daily  fluctuations  are  great  only  in  the  surface  soil.  At  a 
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depth  of  30  cm  they  seldom  exceed  3  0C,  at  60  cm  they  may  reach  about  1  0C,  while 
at  1m  diurnal  temperature  fluctuations  are  practically  nil.  These  figures  refer  to 
summer  conditions  in  the  American  Midwest  where  fluctuations  are  relatively 
large.  The  range  or  amplitude  of  diurnal  variation  of  soil  temperatures  decreases 
exponentially  with  depth  and  becomes  insignificant  at  a  depth  of  the  order  of  lm  or 
more  (Fig.  5.3). 

There  is  a  progressive  delay  in  time  of  occurrence  of  the  maximum  temperature 


TLM  E  (  h  } 

(Source  :  Deacon,  1969) 

Fig  5.3:  Observed  diurnal  course  of  soil  temperature  at  various  depths  in  a  sandy 
Loam  with  bare  surface _  2.5  cm,  . 15  cm,  . .  30  cm 

at  different  depths  in  the  soil  profile.  This  progressive  delay  or  phase  shift  in 
curves  with  depth  indicates  the  slow  rate  of  penetration  of  the  temperature  wave 
into  the  soil.  As  the  heat  wave  penetrates  downward  slowly,  the  sub  soil  begins 
to  heat  up  after  some  lapse  of  time.  This  lag  in  heating  of  the  soil  profile  at  a 
particular  depth  is  a  function  of  the  thermal  properties,  moisture  concentration 
and  structure  of  the  soil.  Due  to  this  lag,  the  duration  of  intense  heating  of  the  sub 
soil  regions  is  different  from  that  of  the  surface  and  leads  to  a  shift  in  the  occurrence 
of  a  maximum  at  various  depths  in  the  soil  profile. 

Annual  fluctuations :  Annual  temperature  fluctuations  extend  much  deeper 
into  the  ground  as  compared  to  diurnal  changes.  In  addition  to  the  diurnal  waves 
present  in  the  soil  temperature  in  the  top  layer,  daily  or  weekly  averaged  temperature 
show  a  nearly  sinusoidal  "annual  wave"  which  penetrates  to  much  greater  depths 
(~  10  m)  in  the  soil  (Fig. 5. 4). 

Modifying  the  Thermal  Regimes  of  Soil  in  Relation  to  Agriculture 

The  thermal  regime  of  the  soil  can  be  modified  either  by  regulating  the  incoming 
and  outgoing  radiation  or  by  changing  the  thermal  properties  of  the  soil.  Soil 
temperature  exercise  a  major  influence  on  the  growth  and  development  of  plants 
through  its  effect  on  germination,  emergence  and  early  growth;  the  effect  being 
more  critical  during  germination  and  early  seedling  development  than  at  any  other 
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[Source  :  Deacon,  1969  ] 

Fig  5.4:  Annual  temperature  waves  in  the  weekly  averaged  subsurface  soil  temperature  at  two 
depths  in  a  sandy  loam  soil  2.5  cm,  2.43  m.  and  Fitted  solid  curves  are  sine  waves 


growth  stage.  Unfavourable  soil  temperatures  at  seedling  time  not  only  affect 
germination  and  seedling  emergence  but  also  result  in  poor  crop  stand  and  reduce 
yields  because  of  a  lower  plant  population  and  delayed  maturity.  The  practice  of 
tilling  and  mulching  has  been  adopted  for  a  long-time  to  modify  the  soil  thermal 
regime.  Tillage  practices,  which  increase  surface  and  internal  drainage  also,  modify 
the  soil  temperature.  The  effect  of  tillage  practices  on  the  soil  temperature  suggest 
some  possibilities  for  altering  the  length  of  growing  season  in  areas  where  the  soil 
temperature  rather  than  frost  probability  is  the  determining  factor  for  the  planting 
date.  The  dark-coloured  soils  are  relatively  warmer  than  light-coloured  soils 
indicates  that  the  temperature  of  the  soil  can  be  altered  than  light-coloured  soils 
indicates  that  the  temperature  of  the  soil  can  be  altered  through  a  change  of  soil 
surface  colour.  Contrary  to  this,  similar  other  soils  rich  in  organic  matter  (poor 
heat  conductor)  warm  up  less  readily  than  other  black  soils,  showing  that  the  heat 
transfer  properties  of  the  materials  relative  to  soil  minerals  is  also  important  factor 
in  determining  the  subsoil  temperature. 

Changes  in  water  content  and  bulk  density  affect  the  thermal  properties  of  soil 
and  thus,  soil  temperature.  Due  to  high  heat  of  evaporation  and  specific  heat, 
water  helps  to  control  the  soil  temperature  to  a  great  extent.  Soils,  which  are 
excessively  wet,  are  cooler  relative  to  dry  ones  even  in  warmest  weather,  showing 
that  improving  drainage  will  not  only  restore  proper  soil-air-water  regime  but  also 
increase  the  soil  temperature. 

Shading  and  insulation  reduce  the  surface  soil  temperature  relative  to  the  air 
temperature  above  it  during  the  hot  weather  and  raise  the  soil  temperature  during 
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the  cool  weather  due  to  partitioning  of  energy  coming  from  sun  and  that  going  out 
of  the  soil.  The  soil  thermal  regime  can  thus  be  modified  by  (i)  regulating  the 
energy  balance  on  the  soil  surface  (ii)  changing  the  thermal  properties  and  (iii) 
heating  the  soil  through  underground  heating  cables  or  with  hot  water. 

Temperature  regulation  by  energy  balance:  Energy  available  for  heating  the 
soil  is  a  function  of  the  incoming  and  outgoing  radiation.  If  a  greater  fraction  of 
incoming  radiation  is  absorbed  by  the  soil  than  the  fraction  reflected  or  re-radiated, 
the  soil  will  be  heated.  The  energy  balance  on  the  soil  surface  can,  therefore,  is 
modified  through  tillage  and  shaping  of  fields,  mulching,  vegetation,  shading  and 
row  spacing. 

West  East 


positions  in  a  north  -  south  running  furrow  on  29  and  30  April  at  Ames,  Iowa 
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Tillage  and  shaping  of  fields:  Both  the  slope  and  direction  affect  the  soil 
temperature  and  heat  flux,  it  is  possible  to  modify  the  soil  thermal  regime  by 
following  specific  tillage  practices  such  as  ridging  and  shaping.  Tilled  fields  warms 
quicker  in  spring  than  the  untilled  fields.  There  is  considerable  temperature 
difference  between  a  ridge  and  a  furrow  depending  on  the  time  of  day  and  row 
direction.  Fig  5.5  shows  the  soil  temperature  at  different  depths  at  a  number  of 
positions  in  a  north-south  furrow.  It  is  seen  that  the  temperature  is  the  lowest  in 
the  furrow. 

Tillage  causes  unequal  distribution  of  energy  at  the  soil  surface.  For  example, 
ridging  decreases  albedo,  thereby  increasing  the  effective  incoming  radiation 
compared  to  a  flat  surface.  Soil  temperature  in  ridges  and  in  flat  microtopography 
show  that  the  temperatures  are  highest  in  the  ridge  and  lowest  in  furrow.  The  time 
taken  to  attain  maximum  temperature  is  often  earlier  in  furrow  than  on  the  ridge. 
Smooth  surfaces  lie  in  between  the  extremes  of  the  ridge  and  the  furrow 
temperatures.  The  soil  temperature  is  the  highest  for  early  growth  in  east-west 
oriented  ridges  and  decreases  for  other  ridge  directions  in  the  order:  north-south 
ridges  ,  east- west  ridges.  There  is  a  distinct  turbulent  heat  transfer  occurring  on 
rough  ploughed  surface,  but  not  on  relatively  smoothened  and  compacted  surfaces 
after  ploughing. 

Mulching  and  vegetation:  Mulching  is  defined  as  the  application  or  creation 
of  a  soil  cover  that  constitutes  a  barrier  to  the  transfer  of  heat  or  water  vapour.  The 
vegetation  and  mulching  affect  the  soil  thermal  regime  by  (i)  interception  of  incoming 
radiation  (ii)  changes  in  albedo  conditions  and  (iii)  reduction  in  latent  heat  transfer 
by  evaporation.  Mulches  reduce  the  diurnal  and  seasonal  fluctuations  of  soil 
temperature. 

Several  types  of  mulches  have  been  used  for  water  conservation  and  soil 
temperature  modification.  These  include  soil,  stubble,  straw,  weed,  gravel,  plastic 
(black,  transparent,  opaque  etc.),  paper  (different  textures  and  colours),  asphalt 
and  aluminum  foils  etc. 

Light  coloured  mulches  will  increase  albedo  of  the  surface  thereby  reducing 
the  maximum  day  soil  temperature.  Fig  5.6  shows  the  soil  temperatures  at  three 
depths  10  diurnal  cycles  and  variable  albedo  conditions. 

A  comparison  of  the  daily  temperature  waves  for  various  depths  shows  the 
well-known  phase  lag  and  difference  of  amplitude  with  increasing  depth.  The 
modification  of  the  surface  albedo  will  affect  the  thermal  regime  of  the  seedbed 
during  the  germination  period.  In  warm  weather,  where  temperature  is  not  limiting 
but  water  is  limiting,  whitening  the  surface  may  conserve  water  and  enhance 
germination. 

The  black  plastic  mulch  reduces  the  outgoing  radiation,  while  paper  and  straw 
mulches  increase  it.  Therefore,  black  plastic  mulch  increases  the  soil  temperature 
while  straw  and  paper  mulches  have  a  cooling  effect.  Outgoing  radiation  increases 
sharply  under  highly  reflectant  aluminum,  producing  a  cooling  effect  in  the  soil. 
The  transparent  plastic  mulch  creates  a  greenhouse  effect  where  the  solar  radiation 
penetrates  the  plastic  but  condensation  of  vapour  on  the  underside  taps  the  long- 
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[Source:  Hillel,  1997  ] 

Fig  5.6  Time  course  of  soil  temperature  at  three  depths  for  three  values  of  surface 

reflectivity 

wave  radiation  emitted  by  the  soil  and  therefore,  allows  the  soil  to  become  warmer 
as  compared  with  the  bare  soil.  On  the  other  hand,  the  black  plastic  mulch  absorbs 
much  of  the  radiation  but  transmits  little  energy  downward  by  conduction  because 
of  the  air  gap  between  the  plastic  and  the  soil  surface.  Similarly,  straw  absorb  the 
solar  radiation  and  heats  up  during  the  day  but  transmits  heat,  slowly,  in  the  soil 
and  thus,  works  as  a  heat  sink  during  the  day  and  a  source  during  the  night.  The 
opaque  mulches  act  as  a  thermal  insulator,  thereby  damping  the  diurnal  wave  of 
soil  temperature,  reducing  the  maximum  temperature  in  the  subsoil  and  increasing 
the  minimum  temperature.  The  paper  mulch  reflects  much  of  the  radiation  and 
tr  ansmits  little  into  the  soil.  Soil  temperature  profiles  under  transparent  polythene, 
asphalt  emulsion,  straw,  lime  solution  spray  and  a  bare  plot  on  a  clear  day  are 
shown  in  Fig  5.7. 

The  surface  soil  temperature,  range  under  polythene  from  1.5  to  43°  C 
(27.5°  C),  under  asphalt  from  14.4  to  40°  C(15.6°  C),  under  bare  soil  from  13.7  to  35°C 
(21.3°C),  under  lime  from  12.4  to  30°  C  (17.6°  C)  and  under  straw  from  17  to  27°  C 
(10°  C)  At  10  cm  depth,  the  variation  are  16,  14,  10,  6  and  4°  C  under  polythene 
asphalt,  control,  lime  and  straw  respectively.  Soil  temperature  fluctuations  are 
minimum  under  straw  and  maximum  under  clear  polythene.  A  generalized  picture 
is  presented  in  Fig  5.8. 

Shading  and  row  spacing :  Artificial  shading  is  often  practiced  either  to  reduce 
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[  Source  :  Ghildyal  and  Tripathi  ,  1987  ] 

Fig  5.7  Effect  of  mulches  on  soil  temperature  with  depth  on  5  November  1977 
(19  days  after  irrigation)  in  Beni  silty  clay  loam 


the  intensity  of  the  direct  radiation  falling  on  the  soil  surface  or  to  conserve  the 
soil  crop  canopy  heat,  a  practice  followed  in  case  of  tomato,  brinjal,  tobacco  and 
some  ornamental  plants. 

Row  spacing  and  plant  population  have  similar  effects  in  modifying  soil  thermal 
regime.  The  effect  of  corn  row  spacing  and  row  direction  on  soil  temperatures  at 
a  10  cm  depth  shows  that  highest  soil  temperatures  are  observed  in  rows  with 
greatest  widths,  where  temperature  variations  between  the  rows  are  also 
higher. 

Modification  of  soil  thermal  properties:  Changing  soil  physical  conditions 
through  tillage  practices,  soil  compaction,  irrigation  and  drainage  can  also  modify 
soil  thermal  characteristics.  Tillage  will  loosen  the  soil,  increase  soil  porosity  and 
decrease  the  thermal  conductivity  and  heat  capacity.  This  will  reduce  the  heat  flux 
to  lower  depths  and  increase  the  diurnal  fluctuations  in  the  surface  layer  of  soil. 
Soil  compaction  on  the  other  hand,  will  increase  the  heat  capacity  and  thermal 
conductivity  due  to  an  increase  in  bulk  density.  The  surface  temperature  of  a 
compacted  soil  will  be  higher  during  night  and  relatively  lower  during  day  as 
compared  to  a  well-tilled  loose  soil.  Soil  compaction  can  therefore;  reduce  the 
damage  due  to  frost. 

The  repeated  shallow  cultivation  produces  dust  mulch,  which  tends  to  reduce 
the  thermal  conductivity  of  the  surface  soil,  thereby  decreasing  the  heat  transfer 
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-  Temperature  - ► 

Fig  5.8  Expected  relative  temperature  profiles  as  a  function  of  depth  in  the  morning  and 

afternoon  in  a  mulched  and  non-mulched  soil 
[Source  :  Ghildyal  and  Tripathi,  1987] 

between  the  lower  layers  and  the  soil  surface.  The  dust  mulch  ha."  considerable 
influence  on  the  soil  thermal  regime  and  the  water  regime. 

Irrigation  and  drainage  influence  the  soil  thermal  regime  due  to  changes  in  soil 
water  content.  An  increase  in  soil  water  content  increases  the  heat  capacity  and 
the  thermal  conductivity  of  the  soil.  By  raising  the  humidity  of  the  air  above  the 
soil,  the  soil  water  content  reduces  the  air  temperature,  drainage,  on  the  other 
hand,  will  decrease  the  heat  capacity  of  a  wet  soil.  This  will  increase  the  soil 
temperature  and  warm  the  soil  profile.  This  condition  is  important  for  the  early 
establishment  of  wheat  after  a  rice  crop  if  the  drainage  condition  of  the  paddy  field 
is  improved. 

Sprinkler  irrigation  reduce  soil  temperatures  in  both  bare  and  cropped  fields.  If 
lower  soil  temperature  were  desirable  for  a  particular  crop,  then,  frequent  irrigation 
would  reduce  the  daily  high  soil  temperature.  Conversely,  if  higher  soil 
temperatures,  are  beneficial,  less  frequent  irrigation  may  be  recommended. 

Soil  heating:  The  effect  of  heating  of  diurnal  soil  temperature  changes  at  10-cm 
depth  shows  that  it  is  possible  to  raise  the  soil  temperature  by  6-10°  F  by  heating 
through  underground  heating  cables.  Artificial  heating,  however,  is  costly,  soil 
heating  and  cooling  also  have  been  done  by  irrigation  with  warm  and  cool  water. 
Also,  industrial  waste  heat  has  been  used  for  heating  the  water  but  the  temperature 
change  in  soil  due  to  the  warm  or  cool  water  is  small  and  transitory  due  to  high 
heat  capacity  of  soil.  The  effect  may  last  for  a  day  or  two. 

Measurement  of  Soil  Temperature 

Soil  temperature  is  an  important  plant  growth  factor  and  besides  influences 
other  plant  growth  factors  (e.g.,  availability  of  water  and  nutrients),  it  is  necessary 
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to  measure  actual  soil  temperatures.  This  will  be  necessary  at  various  locations  as 
well  as  various  depths. 

Measuring  instruments :  Instruments  for  the  observation  of  soil  temperature 
include  mercury  thermometers  (usually  in  a  special  protective  cover),  thermo¬ 
couples,  and  thermistors.  If  it  is  desired  to  record  temperature  continuously, 
various  types  of  soil  thermograpghs  exist.  Some  of  them  work  on  the  principle  of 
expansion  of  liquids  or  gas  in  bourdons  (pencil-shaped  hollow  tubes). 

The  World  Meteorological  Organization  recommends  as  standard  depths  for 
soil  temperature  measurements  10, 20,  50  and  100  cm.  For  microclimatological  and 
physiological  studies  it  seems  necessary  to  measure  temperature  at  a  shallower 
depth,  e.g.  2.  5  cm. 

Soil  heat  flux:  The  flux  of  heat  into  and  out  of  soils  can  be  measured  directly 
by  means  of  "thermal  flux  plates"  or  it  can  be  calculated  from 

S  =  K  dT  /  dZ  ...(5.3) 

if  the  thermal  conductivity  and  temperature  gradient  are  known. 

The  measurement  of  K  is  complex  since  it  is  a  constantly  changing  function  of 
soil  aeration,  moisture  content  and  compaction.  Heat  flux  plates  measure  the  soil 
heat  flux  directly.  A  differential  thermopile  is  connected  between  the  top  and 
bottom  portions  of  the  sensing  plate  and  the  temperature  drop  is  measured  across 
known  thermal  impedance.  So  that  the  meter  itself  will  not  impede  heat  flow,  it 
should  have  an  emissivity  of  the  same  order  to  magnitude  as  that  of  the  material  in 
which  it  is  placed.  The  heat  flux  plate  should  also  have  a  low  heat  capacity  so  as 
to  reach  steady  state  quickly  and  to  respond  rapidly. 
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QUESTIONS 

1.  Discuss  the  significance  of  soil  temperature  in  relation  to  agriculture. 

2.  Enlist  the  factors  affecting  soil  temperature  and  discuss  in  brief. 

3.  Define  specific  heat,  thermal  property,  heat  capacity  and  thermal  conductivity. 

4.  Derive  the  equation  for  heat  transfer  in  soil  with  diagram. 

5.  Discuss  the  factors  affecting  thermal  conductivity  of  soil. 
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6.  What  are  the  differences  between  diurnal  and  annual  soil  temperature 
fluctuations? 

7.  Mention  the  significance  of  tillage  in  modifying  soil  temperature. 

8.  How  would  you  modify  the  thermal  properties  of  a  soil? 

9.  How  environmental  factors  affect  soil  temperature? 

10.  Discuss  the  physical  basis  of  irrigation  in  modifying  soil  thermal  regime. 

11.  What  are  the  techniques  used  for  reduction  in  soil  temperature? 

12.  Discuss  the  use  of  different  mulches  for  modifying  soil  thermal  regime. 
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The  atmosphere  extends  several  hundreds  of  kilometers  above  the  earth's 
surface,  held  in  place  by  the  earth's  gravity.  Air  pressure  has  usually  been 
expressed  in  terms  of  certain  equivalent  values,  such  as  the  mass  that  could  be 
balanced  by  the  atmosphere  or  the  height  to  which  a  column  of  mercury  would 
rise  in  a  barometer  in  response  to  the  pressure.  For  example,  average  weight  (that 
is,  mass)  that  is  balanced  by  the  pressure  of  the  air  on  a  square  centimeter  of  the 
earth's  surface  at  sea  level  is  1 .085  kilogram,  or  under  the  same  conditions,  mercury 
stands  at  a  height  of  76  cm  in  a  standard  barometer.  But  neither  of  these  adequately 
describes  the  pressure  of  the  atmosphere. 

Meaning  of  Air  Pressure 

Technically,  pressure  is  defined  as  the  force  per  unit  area.  Air  or  atmospheric 
pressure  is  defined  as  the  weight  of  the  air  column  per  unit  area,  above  the  earth 
surface,  extending  to  the  limits  of  the  atmosphere.  In  case  of  the  atmosphere, 
this  force  is  really  determined  by  the  number  and  speed  of  air  molecules  which 
strike  a  given  surface,  usually  taken  as  a  square  centimeter  or  square  meter, 
depending  on  the  system  of  units  used.  Normally,  when  air  pressure  increases, 
more  molecules  are  present  in  a  given  volume;  when  air  pressure  decreases,  fewer 
molecules  are  present. 

Units  of  Atmospheric  pressure  and  the  Standard  Atmosphere:  The 
atmospheric  pressure  (P)  has  the  dimension  as  under: 

Force  Mass  x  acceleration  Mass  Length 

P= -  =  - : -  =  -  x  -  ...  (1) 

Area  Length2  Length2  Time2 

Mass 

=  -  =  ML 'T  2 

Length  x  time2 

Atmospheric  pressure  can  be  expressed  as 

(i)  the  height  of  a  column  of  mercury  in  cm  or  in  mm 

(ii)  gram  per  cm2 

(iii)  the  units  of  force  in  dynes  /  cm2  ,  or  in  millibars  or  in  hecto  Pascals. 

Traditionally,  units  of  length  have  been  used  to  express  air  pressure,  based  on 
long  use  of  the  mercury  barometer  in  which  fluctuations  of  the  height  of  the 
mercury  column  are  a  function  of  changing  pressure  in  the  atmosphere.  The  height 
of  this  mercury  column  is  given  in  either  centimeter  or  millimeter.  To  meet  the  need 
for  a  pressure  unit  involving  force  rather  than  length,  the  millibar  (mb),  which  is 
one  thousandth  of  a  bar,  has  come  into  meteorological  use  by  International 
agreement.  SI  unit  is  Pascal  (IPa  =  IN  nr2 ).  Millibar  or  Pascal  are  the  conventional 
engineering  units  of  pressure.  A  change  in  pressure  (dP)  is  given  by  the  change 
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in  head  of  fluid,  dh,  with  density  p  and  acceleration  due  to  gravity  g,  dP  =  p  g 
dh.  Pressure  is  unaffected  by  the  shape  of  the  confining  vessel  and  is  transmitted 
undiminished  throughout  the  fluid  to  all  of  the  bounding  surfaces. 

1  bar  =  106  dynes/  cm2 
1  mb  =  1  O'2  bar  =  1 03  dynes/  cm2 
1  Pascal  (Pa)  =  lN/m2  =  10  dynes  /  cm2  =  kg/m/s2 
1  mb  =  102  Pa  =  1  hPa  =  1 03  dynes/  cm2  =  0.750  mm  Hg 
1  mm  Hg  =  133.3  Pa 

One  standard  atmosphere  (atm)  =  1,01,325  Pa  =  1013.25  hPa  =  1013.25  mb  = 
760  mm  Hg 

The  standard  atmospheric  pressure  at  mean  sea  level  and  latitude  of  45°,  at  a 
temperature  of  0°C  is  760  mm  Hg.  This  is  equivalent  to  1013.25  mb  or  101.325  kilo 
Pascal  (k  Pa).  It  is  also  called  as  one  atmosphere. 

Variation  in  Atmospheric  Pressure 

Vertical  variation:  The  atmosphere  is  a  mixture  of  gases  held  to  the  earth  by 
gravity.  Because  gases  are  compressible,  the  pressure  of  overlying  air  compresses 
the  lower  air  considerably  and  thereby  greatly  increases  the  density  of  the  air 
near  the  ground.  This  compression  accounts  for  the  rapid  decrease  in  density  or 
pressure  with  increase  in  elevation.  Atmospheric  pressure  depending  as  it  does 
on  the  weight  of  the  overlying  atmosphere,  decreases  logarithmically  with  height 
(Table.  6.1).  This  relationship  is  expressed  by  the  hydrostatic  equation. 

dP/  dz  =  -  g  p  ...  (2) 

i.e.  change  of  pressure  (P)  with  height  (z)  is  dependent  on  gravity  (g)  multiplied 
by  the  air  density  (p). 


Table  6.1  Variation  with  height  in  atmospheric  pressure  and  air  temperature 


Altitude  (m) 

Pressure  (mb) 

Temperature  (°C) 

Sea  level 

1013.25 

15.0 

1,000 

898.76 

8.5 

2,000 

795.01 

2.0 

3,000 

701.01 

-  4.5 

4,000 

616.60 

-  11.0 

5,000 

540.48 

-  17.5 

10,000 

264.00 

-49.9 

30,000 

11.97 

-46.6 

60,000 

0.22 

-  26.1 

1 ,00,000 

0.0003 

-  78.1 

(Source:  NOAA,  1976. 

Atmosphere,  pp  53-68.  U.S. Standard 

, Washington,  D.C.) 
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Near  the  surface  the  rate  of  decrease  of  pressure  with  height  is  about  1  mb  per 
10  m.  With  increasing  height,  however,  the  drop  in  air  density  causes  a  decrease 
in  this  rate.  The  temperature  of  the  air  can  affect  this  rate  of  pressure  decrease, 
which  is  greater  for  cold  dense  air.  The  relationship  between  pressure  and  height 
is  so  significant  that  meteorologist  often  express  elevations  in  millibars,  such  that 
1000  mb  represents  sea  level,  5000  mb  about  5550  m  and  300  mb  about  9000  m. 
On  an  average,  nitrogen  contributes  about  760  mb,  oxygen  240  mb  and  water 
vapour  10  mb.  In  other  words,  each  gas  exerts  a  partial  pressure  independent  of 
the  others. 

Horizontal  variations:  The  non  uniform  solar  heating  of  the  earth's  surface, 
and  consequently  of  the  air  above,  results  in  a  variety  of  pressure  variations  over 
the  earth's  surface.  The  horizontal  pressure  patterns  are  of  two  broad  types  :  those 
whose  average  position  is  roughly  the  same  and  those  whose  position  moves 
with  time.  These  patterns  are  closely  interrelated  with  the  physical  processes  in 
the  atmosphere  associated  with  weather  changes. 

Horizontal  pressure  differences  result  primarily  from  differential  heating  that 
produces  density  contrasts  and  from  redistribution  of  mass  by  the  atmospheric 
circulation.  An  increased  proportion  of  water  vapour  in  the  air  can  alter  pressure 
slightly  because  water  vapour  is  less  dense  than  the  mixture  of  other  constituents 
of  air.  Differences  from  place  to  place  in  the  force  of  gravity  also  affect 
atmospheric  pressure  slightly.  Solar  radiation  and  the  gravitational  pull  of  the 
sun  and  moon  induce  atmospheric  tides  and  regular  variation  of  pressure  with 
time.  The  pressure  differences  at  the  bottom  of  the  atmosphere,  which  affect  the 
horizontal  distribution  of  temperature,  latitude  and  land-water  relationship  being 
the  most  important.  The  effect  of  latitude,  through  temperature,  upon  pressure  is 
to  produce  a  more  or  less  symmetrical  pattern  of  pressure  zones  on  the  earth. 
Along  the  equator  lies  a  belt  of  low  pressure  known  as  the  equatorial  low  or 
doldrums  (Fig  6.1).  In  cold  polar  latitudes  are  the  vaguely  persistent  high-pressure 
areas,  the  polar  highs.  Central  or  about  60°  to  70°  north  and  south  latitude  are 
the  sub  polar  low-pressure  belts,  and  at  25°  to  35°  north  and  south  latitude  are 
the  subtropic  highs.  These  intermediate  pressure  zones  results  ultimately  from 
temperature  differences,  but  it  is  not  possible  to  regard  temperature  alone  as  the 
direct  cause  of  pressure  distribution,  since  wind  plays  an  important  part  in 
redistributing  density  characteristics  from  one  latitude  to  another.  These  pressure 
belts  can  not  be  regarded  as  permanent.  They  are  greatly  affected  by  differences 
in  net  radiation  resulting  from  seasonal  migration  of  sun  and  from  variation  in 
heating  of  land  and  water  surfaces. 

Periodic  variation:  The  atmosphere  is  not  a  static  body;  it  is  a  dynamic  medium. 
At  a  given  station  the  pressure  changes  continuously  as  areas  of  higher  or  lower 
pressure  approach. 

It  has  been  observed  that  a  periodic  pressure  change  occurs  daily.  The  air 
pressure  shows  two  high  and  two  low  points  each  day.  The  peak  pressure 
occurs  at  10.00  am  and  10.00  pm,  while  the  low  points  are  midway  at  4.00  pm  and 
4.00  am  This  effect  is  caused  by  the  solar  or  thermal  tide.  This  small  daily  pressure 
variation  is  generally  overshadowed  by  other,  greater  changes  in  the  middle 
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(Source  :  Ghadekar  S.  R.,  1998,  pp  35) 

Fig  6.1  Horizontal  distribution  of  pressure  on  earth  surface. 

latitude.  However,  in  the  tropics  and  subtropics  the  daily  change  is  characteristic. 

Isobars 

The  horizontal  distribution  of  pressure,  or  the  pressure  field  is  represented  by 
isobars  and  is  critical  to  the  nature  of  wind  flow.  To  analyze  wind  motions  we 
must  first  analyze  the  pressure  distribution.  This  is  done  in  two  ways  depending 
on  whether  the  analysis  is  for  sea  level  conditions  or  upper-air  conditions.  For 
sea  level  analysis,  isobars,  or  lines  of  equal  surface  pressure,  are  drawn  while,  for 
upper-air  conditions  elevation  contours  are  drawn  on  surfaces  of  equal  or  constant 
pressure  (850  mb,  700  mb,  500  mb  etc.) 

Thus  isobars  are  defined  as  the  lines  connecting  places  having  the  same 
atmospheric  pressure.  On  the  sea  level  pressure  charts,  the  effect  of  different 
elevation  on  the  continents  are  eliminated  by  reducing  all  pressure  readings  to 
sea  level.  The  values  of  air  pressure  are  obtained  by  the  use  of  barometers  on 


48 


Agricultural  Meteorology 


land  and  from  ships  at  sea.  The  corrected  pressure  readings,  reduced  to  sea  level, 
are  entered  on  maps  and  points  on  the  map  showing  the  same  pressure  readings 
are  connected  with  lines  (isobars).  Obviously  all  points  on  a  map  with  the  same 
pressure  cannot  be  so  joined,  as  an  infinite  number  of  lines  would  result.  Hence 
isobars  are  usually  drawn  at  pressure  intervals  of  either  3,  4  or  5  millibar.  Thus, 
successive  isobars  might  be  drawn  through  points  having  readings  of  1,008,  1,01 1, 
1,014  millibar  etc. 

Closely  spaced  isobars  indicate  a  rapid  or  steep  change  of  pressure  in  the 
direction  at  right  angles  to  the  isobars.  When  isobars  are  widely  spaced,  i  slow 
change  in  pressure  or  a  weak  pressure  gradient  is  indicated.  These  isobars  never 
cross  each  other  and  must  either  form  closed  curve  or  terminate  on  the  edge  of 
the  map. 

The  horizontal  pressure  gradient  may  be  defined  as  the  change  in  pressure 
per  unit  distance  in  the  direction  in  which  the  pressure  decreases  most  rapidly. 
The  winds  are  the  results  of  these  pressure  gradients. 

Measurement  of  Atmospheric  Pressure 

The  science  of  pressure  measurement  is  kno  wn  as  barometry.  The  instrument 
used  in  barometry  is  generally  known  as  the  barometer,  which  mean  pressure- 
measure.  Barometers  may  be  divided  into  two  basic  types,  mercury  filled  and 
aneroid.  In  general,  mercury  filled  barometers  are  characterized  by  a  high  degree 
of  accuracy,  performance,  and  fragility  as  compared  to  aneroids,  which  are  small, 
light,  highly  portable  and  relatively  rugged.  A  mercury  filled  barometer  can  be 
designed  to  measure  pressure  accurately  without  reference  to  another  standard 
but,  all  aneroids  must  be  compared  with  a  standard  to  establish  calibration. 

Principle  of  the  mercury  barometer:  Mer¬ 
cury  barometer  consists  of  a  long,  hollow  glass 
tube  from  which  the  air  is  evacuated.  This  tube 
is  placed  with  its  open  end  down,  immersed  in  a 
crucible  called  cistern  which  is  filled  with 
mercury  (Fig  6.2).  The  pressure  of  the  outside 
air  then  forces  the  mercury  in  the  cistern  upward 
into  vacuum  chamber  within  the  tube.  Under 
standard  conditions  of  sea  level  the  atmosphere 
balances  a  column  of  mercury  76  cm  high.  As 
atmospheric  pressure  changes,  the  height  of  the 
mercury  will  fluctuate  accordingly.  Determination 
of  actual  pressure  requires  corrections  for 
temperature,  instrumental  error,  and  variation  of 
gravitational  force  with  latitude  and  altitude.  The 
corrected  reading  is  the  station  pressure. 

Fortin  barometer:  The  design  of  a  Fortin 
barometer  includes  a  closed  glass  (barometric) 
tube  with  its  lower  open  end  immersed  in  a 
cistern  of  mercury.  An  adjusting  screw  located 


(Source  :  Donn  W.  L.,1975,  pp  164) 
Fig.  6.2  The  Principle  of  mercury 
barometer 
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(Source  :  Berry  F.  A.  et  al,  1945,  pp  535  and  Wang  J.  Y.  et  al,  1983  pp  151  ) 

Fig.  6.3  Fortin  barometer 


at  the  bottom  of  the  leather  bag  that  contains  mercury  can  change  the  mercury 
level  in  the  cistern  (Fig  6.3).  The  mercury  in  the  cistern  is  adjusted  to  the  zero 
point  (the  tip  of  the  conical,  ivory  point),  i.e.  touches  the  mercury  surface  in  the 
cistern.  The  convex  meniscus  of  the  upper  mercury  surface  in  the  barometer  tube 
indicates  the  atmospheric  pressure  reading.  Two  air  holes  are  provided  to  keep 
the  mercury  in  the  cistern  under  atmospheric  pressure  at  all  times. 

The  top  of  the  cistern  is  covered  by  a  boxwood  bushing  and  the  sides  are 
surrounded  by  a  glass  cylinder.  The  barometer  tube  is  cemented  firmly  at  the  top 
of  the  boxwood  bushing  and  fastened  with  a  piece  of  leather. 

The  upper  portion  of  the  barometer  has  a  mercury  thermometer,  a  scale  and  a 
vernier,  all  attached  to  a  outer  brass  tube  in  which  the  barometric  tube  is  enclosed. 
In  the  upper  part  of  the  brass  tube,  two  long  slots  are  cut  opposite  one  another 
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Fig.  6.4  Kew  Pattern  Barometer 


to  permit  viewing  of  the  upper  level  of  the 
mercury  column.  Usually  the  scale  is  engraved 
on  the  brass  tube  alongside  one  of  the  slots, 
and  the  vernier  is  mounted  on  a  rack  inside  the 
slot,  allowing  it  to  be  raised  or  lowered.  While 
the  divisions  of  the  scale  are  in  1  mb 
graduations,  the  vernier  provided  0.1  mb 
graduations  and  an  estimation  to  0.05  mb.  For 
ordinary  station  barometer,  the  usual  range  of 
scale  is  from  870  to  1100  mb. 

The  Fortin  barometer  is  very  widely  used. 
The  chief  advantages  of  this  barometer  are  (a) 
high  accuracy  (b)  high  reliability  and  sensitivity 
and  (c)  portability.  When  calibrated  against  a 
standard  barometer  (i.e.  normal  barometer  with 
very  high  accuracy  of  0.02  mb),  the  Fortin 
barometer  itself  may  be  used  for  the  calibration 
of  the  aneroid  type  barometer. 

Kew  pattern  barometer:  It  has  a  cistern 
structure  completely  different  from  the  Fortin 
barometer  (Fig  .6.4).  The  cistern  (usually  50  mm 
in  diameter  and  35  mm  in  interior  depth)  is  a 
stainless  steel  vessel  whose  vented  top  is 
covered  by  a  boxwood  bushing  and  a  leather 
washer  to  prevent  dust  and  other  contaminants. 
The  lower  end  of  the  barometer  tube  is  firmly 
connected  into  boxwood,  with  a  greater  part  of 
its  length  having  a  constricted  bore  (1.6  mm  in 
diameter),  and  a  widened  bore  (8  mm  in 
diameter)  in  the  visible  portion  near  the  top. 
Approximately  a  third  of  the  way  up  the  tube  is 


(Source  :  Critchfield  H.  J.,  1987,  pp  77) 

Fig.  6.5  Principle  of  sylphon  cell  in  aneroid  barometer. 
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another  widened  portion  of  the  box  which  accommodates  an  air  trap  to  prevent 
air  from  entering  the  vacuum  chamber  at  the  top.  The  air  trap  is  a  simple  inverted 
pipette  arrangement. 

The  scale  of  the  kew  barometer  is  graduated  in  whole  millibars  with  a  short 
range  scale  of  870  to  1100  mb.  For  mountain  stations,  a  long  range  of  700  to 
1 100  mb  is  used.  Similar  to  the  Fortin  barometer,  the  Kew  pattern  barometer  is 
equipped  with  a  vernier  to  facilitate  reading  to  0.01  mb  and  estimation  to  0.05  mb. 

Unlike  Fortin  barometer,  the  Kew  pattern  barometer  has  a  fixed  cistern  (i.e.  it 
does  not  require  the  zero  point  setting).  It  operates  on  the  principle  that  the  loss 
of  mercury  volume  in  the  cistern  is  always  equal  to  the  gain  of  mercury  volume  in 
the  tube,  and  vice  versa. 

The  mam  advantages  of  the  Kew  pattern  barometer  are  its  ease  of  operations 
and  its  ruggedness.  However,  it  is  comparatively  less  accurate  and  perhaps  less 
sensitive  than  the  Fortin  barometer. 

Aneroid  barometer:  Aneroid  barometer  is  a  mechanical  device,  which  registers 
pressure.  The  principle  of  an  aneroid  barometer  is  shown  in  Fig  6.5,  which 
represents  a  cross  section  through  a  simple  aneroid  mechanism.  The  pressure 
sensitive  element  is  a  cylindrical  vacuum  chamber  made  up  of  beryllium-  copper 
with  corrugated  tops  and  sides  known  as  a  sylphon  chamber.  A  strong  spring 
within  the  chamber  prevents  it  from  collapsing  under  the  air  pressure.  As  the 
outside  pressure  changes,  the  chamber  will  either  expand  or  contract.  By  means 
of  an  intricate  system  of  levers  and  pulleys  this  change  is  magnified  and  conveyed 
to  a  pointer.  The  pointer  moves  around  a  dial  that  is  calibrated  in  the  pressure 
unit.  The  whole  unit  is  enclosed  in  a  protective  brass  case  with  a  glass  window. 

The  aneroid  has  essentially  two  corrections,  an  elevation  correction  and  an 
instrument  correction.  If  the  instrument  error  is  too  large,  the  pointer  can  be  reset 
after  comparison  by  means  of  set  screw  provided  at  the  back. 

Aneroid  barometers  are  easily  portable,  convenient  to  use,  and  when  checked 
against  mercury  barometers  at  reasonable  intervals  are  reliable  and  accurate. 

The  principle  of  the  altitude  barometer,  or  altimeter  is  the  same  as  that  of  the 
aneroid,  but  calibration  is  in  units  of  height  rather  than  pressure. 

Barograph:  For  continuous  record  of  atmospheric  pressure,  barograph  is  used. 
Conventional  barograph  employ  aneroid  mechanism  sufficiently  powerful  to 
operate  a  pen  (Fig.  6.6).  The  pressure  sensitive  element  is  a  sylphon  bellow  (several 
corrugated  vacuum  chambers  aligned  at  the  top  of  each  other  which  magnify  their 
expansion  and  contraction)  with  an  internal  spring.  This  element,  through  a 
suitable  lever  system,  moves  the  pen  arm.  Temperature  compensation  is 
accomplished  with  a  small  amount  of  air  in  the  sylphon  and  a  bimetal  in  the  lever 
system.  The  instrument  can  be  adjusted  to  operate  over  the  range  at  any 
reasonable  altitude.  Dash  pots  are  provided  to  prevent  vibration  from  causing  a 
ragged  record.  The  scale  is  linear,  and  the  pen  can  be  set  to  the  correct  pressure 
by  means  of  the  adjusting  screw  that  moves  the  sylphon  up  and  down. 

A  clock  movement  mounted  inside  the  cylinder  drives  the  chart  cylinder. 
Weekly  charts  are  generally,  used  but,  different  time  scales  can  be  obtained  by 


52 


Agricultural  Meteorology 


(Source  :  Electromec  Equipments,  Pune  -  9  ) 
Fig  6.6  (a)  Barograph  with  lid  removed 


(Source  :  Berry  F.  A.  et  al,  1945,  pp  537) 
Fig  6.6  (b)  Line  diagram  of  Barograph 


changing  gears  in  the  chart  cylinder  drive.  The  pen  release  arm  moves  the  pen 
arm  away  to  make  it  easy  to  change  the  chart. 
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Wind 

Air  in  horizontal  motion  is  known  as  wind.  This  motion  tends  to  equalize  lateral 
differences  in  temperature,  humidity  and  pressure  in  the  atmosphere.  This 
equalization  is  never  attained  since  new  differences  are  created.  Vertically  moving 
air  columns  are  called  as  currents.  Average  horizontal  wind  speeds  are  much 
greater  than  average  vertical  movements.  Wind  is  a  vector  quantity.  Wind  motion 
is  continuous  and  is  having  a  critical  tendency  to  stabilize  itself  and  to  reach 
equilibrium.  This  process  is  continuous  and  will  continue  as  long  as  inequalities 
in  temperature  exists  over  the  earth  surface.  The  scale  of  wind  motion  is  extremely 
variable  from  winds  affecting  very  localized  and  restricted  areas  to  those,  which 
are  planetary  in  scope. 

Small-scale  wind  activity  is  often  the  result  of  a  simple  convection  or  modified 
convection  cell  produced  by  local  temperature  differences.  Large-scale  wind  activity 
is  more  complicated.  Still  root  of  air  motion  is  temperature  inequalities,  but  the 
complete  dynamics  involve  other  factors  also. 


Horizontal  Movement  of  Air  Near  Earth's  Surface 

There  are  four  controls  on  the  horizontal  movement  of  air  near  the  earth's 
surface. 

i)  Pressure  gradient  force 

ii)  Coriolis  force 

iii)  Centrifugal  force 

iv)  Frictional  forces 

The  primary  cause  of  air  movement  is  the  development  of  a  horizontal  pressure 
gradient  developed  due  to  the  temperature  gradient. 

Pressure  gradient  force:  The  driving  force  for  all  air  motions  is  variation  in 
atmospheric  pressure.  For  horizontal  variations  in  pressure,  a  force  is  created 
acting  from  high  to  low  pressure.  This  pressure  gradient  force  P  per  unit  mass  is 
given  by 


P 


1  AP 

—  •  ■  — — ■  - 

p  Ax 


Where  Ap  is  the  pressure  change  over  distance  A x-  ThusAP/Ax  is  the 

pressure  gradient.  The  negative  sign  indicates  that  the  force  operates  from  high 
to  low  pressure,  i.e.  P  decreases  as  x  increases.  Further,  closer  is  the  isobar 
spacing,  the  more  intense  are  the  pressure  gradient  and  greater  is  the  wind  speed. 

The  pressure  gradient  force  has  a  vertical  component  acting  upwards.  The 
downward  acting  force  of  gravity  almost  exactly  balances  this.  Generally,  the 
horizontal  force  exceeds  the  vertical  one  by  about  three  orders  of  magnitude  for 
most  scales  of  atmospheric  motion  and  the  horizontal  wind  speed  is  very  much 
greater  than  the  vertical  speed.  For  present  analysis  it  is  assumed  to  regard  wind 
as  having  only  a  horizontal  component. 

On  a  non-rotating  planet,  air  would  flow  under  the  influence  of  the  pressure 
gradient  force  towards  the  low  pressure.  It's  speed  would  depend  on  the  magnitude 
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of  the  force,  which,  in  turn,  is  proportional  to  the  spacing  of  the  isobars. 

Coriolis  Force:  The  earth  fs  rotational  deflective  force:  On  a  rotating  planet 
the  speed  of  the  wind  is  governed  by  pressure  gradient  force.  But,  the  rotation 
causes  a  change  in  the  direction  of  the  flow.  In  terms  of  Newton's  second  law, 
another  force  created  by  the  rotation,  acts  on  the  moving  air  parcel.  This  is  the 
Coriolis  force.  This  deflective  force  per  unit  mass  is  expressed  as, 

F  =  (2  co  Sin0 )  V  ...(4) 

Where,  CD  =  angular  velocity  of  spin. 

_  i5°hr~'or—  =  7.27  x  10-5  rad-1  for  earth 

V  24  24  ) 

0  =  latitude  of  the  location 

V  =  velocity  of  mass 

The  quantity  f  (f  =  2  co  Sin0 )  is  known  as  'Coriolis  parameter',  is  constant  for 
a  given  latitude  0  . 

The  magnitude  of  the  deflection  is  directly  proportional  to  (i)  the  horizontal 
velocity  of  the  air  and  (ii)  the  sine  of  the  latitude.  The  effect  is  maximum  at  the 
poles  i.e.  where  the  plane  of  the  deflecting  force  is  parallel  to  the  earth's  surface 
and  decreases  with  the  sine  of  the  latitude.  It  becomes  zero  at  the  equator,  le 
where  there  is  no  component  of  the  deflection  in  a  plane  parallel  to  the  surface. 
The  Coriolis  force  always  acts  at  right  angle  to  the  direction  of  the  air  motion  to 
the  right  in  northern  hemisphere  and  to  the  left  in  southern  hemisphere. 

Geostrophic  wind:  When  isobars  are  straight  and  parallel  and  we  are 
considering  motion  in  the  free  atmosphere  away  from  the  effects  of  surface  friction, 
only  the  pressure  gradient  and  the  Coriolis  forces  act  on  the  parcel  of  air.  The 
pressure  gradient  force  initiates  the  motion  and  immediately  the  Coriolis  force 
deflect  it.  The  two  forces  acting  in  diametrically  opposite  direction  come  into 
equilibrium  and  there  is  a  balanced  flow  with  two  equal  forces.  The  wind  in  this 
idealized  case  is  called  a  Geostrophic  wind,  the  velocity  of  which  is  given  by, 

1  AP 

Vg  - - ...  (5) 

p.2.co.sin0  Ax 

The  velocity  is  thus  inversely  proportional  to  latitude,  such  that  the  same 
pressure  gradient  which  will  be  associated  wilh  Geostrophic  wind  speeds  of  15 
ms'1  at  latitude  43°  will  produce  velocity  of  only  10  ms*1  at  latitude  90°. 

The  wind  blows  parallel  to  the  isobars  with  low  pressure  on  the  left  (right) 
hand  side  as  you  stand  with  your  back  to  the  wind  in  the  northern  (southern) 
hemisphere  (Fig  6.7).  Under  the  assumptions  made  above,  the  Geostrophic  wind, 
determined  entirely  from  observations  of  the  pressure  distribution,  is  identical  to 
the  actual  wind.  In  reality  actual  situation  rarely  fulfils  these  assumptions.  Most 
of  the  time  the  isobars  are  not  highly  curved  and  the  Geostrophic  wind  provides 
a  very  good  approximation  to  the  real  wind.  The  Geostrophic  approximation  can 
only  be  used  with  confidence  poleward  of  about  30°  since  in  the  equatorial  regions 
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(Source  :  Henderson  -  Sellers  et  al.  1989,  pp  167) 

Fig. 6. 7  Geostrophic  wind,  which  is  the  balanced  result  of  the  two  opposing  forces. 


the  Coriolis  force  tends  towards  zero  and  there  is  no  strong  deflection  of  the  winds. 

Centrifugal  force:  When  there  is  a  marked  curvature  in  the  isobars  a  third 
force,  the  centrifugal  force  must  be  introduced.  This  acts  outwards  from  the  center 
on  any  curved  motion.  In  the  case  of  rotation  around  a  high  pressure  area  this 
force  is  in  the  same  direction  as  the  pressure  gradient  force  and  hence  leads  to 
an  increase  in  wind  speed  over  the  calculated  for  the  Geostrophic  wind. 

Gradient  wind:  Balance  of  the  three  forces,  viz  Pressure  gradient,  Coriolis  and 
Centrifugal  occur  around  a  low  pressure  center.  The  wind  that  results  from  a 
balance  of  the  three  forces  is  known  as  the  gradient  wind.  The  direction  of  this 
wind  is  parallel  to  the  isobars.  The  speed  differs  significantly  from  that  of  the 
geostrophic  wind  (Fig. 6. 8  ). 

Frictional  forces:  As  we  approach  the  surface  of  the  earth  the  influence  of 
surface  friction  is  increasingly  felt.  This  frictional  force  acts  directly  against  the 
airflow,  leading  to  a  reduction  in  wind  speed.  Since  the  coriolis  force  is  a  function 
of  wind  speed  it  is  also  reduced  and  the  flow,  even  with  straight  parallel  isobars, 
is  no  longer  balanced  (Fig  6.9).  A  cross  isobaric  flow,  directed  towards  low 
pressure  is  included.  The  angle  at  which  the  air  crosses  the  isobars  depends  on 
the  magnitude  of  the  frictional  force.  The  obliqueness  increases  with  the  growing 
effect  of  frictional  drag  due  to  the  earth  surface  and  it  averages  about  10°  -  20°  at 
the  surface  over  the  sea  and  25°  -  35°  over  land.  The  frictional  force  is  at  its 
maximum  height  at  the  surface  and  gradually  decreases  with  height  until  it  becomes 
insignificant  and  the  geostrophioc  wind  approximation  holds.  This  decrease  with 
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(Source  :  Henderson  -  Sellers  el  al.  1989,  pp  169) 

Fig.  6.8  The  three  way  balance  between  the  horizontal  pressure  gradient  (3),  the  Coriolis 
force  (1),  and  the  centrifugal  force  (2)  in  atmospheric  flow  along  curved  trajectories 

(dashed)  with  radius  of  curvature  R. 


(Source  :  Henderson  -  Sellers  et  al.  1989,  pp  170) 

Fig  6.9  The  effect  of  surface  friction  is  to  ‘back’  (move  in  anticlockwise  direction)  the 
surface  wind  compared  with  the  direction  of  Geostrophic  flow  and  to  reduce  its  speed 


height  also  leads  to  clock-wise  change  in  wind  direction  with  height,  which  is 
sometimes  called  the  Ekman  spiral. 

Surface  wind:  The  surface  wind  represents  a  balance  between  the  pressure- 
gradient  force  and  friction  parallel  to  the  air  motion  and  between  the  pressure 
gradient  force  and  the  Coriolis  force  perpendicular  to  the  air  motion. 
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General  Circulation 

For  all  the  seasons  there  is  an  excess  of  net  radiation  over  the  tropics  and  a 
deficit  in  Polar  regions.  The  exchange  of  heat  from  warm  (equator)  to  cold  regions 
(poles)  results  in  motion  of  the  atmosphere.  This  motion  when  summarized  over 
the  earth  as  a  whole,  is  called  the  General  circulation.  If  the  earth  were  a 
homogenous  surface  and  if  there  were  not  seasonal  changes  in  the  insolation 
received  at  various  latitudes,  the  rotation  of  the  earth  would  cause  the  wind  belts 
as  shown  in  Fig  6.10. 

This  idealized  view  in  Fig  6.10  is  useful  in  giving  a  general  picture  of  the 
terrestrial  pressure  -  wind  distribution.  Over  large  areas  the  actual  pattern  differs 
strongly  from  this  view,  a  consequence  of  both  the  irregular  heating  of  the  earth's 
surface  and  the  effects  of  migratory  low  and  high  pressure  areas.  Therefore,  the 
actual  wind  system  is  much  more  complicated  than  the  described  in  the  model. 


Fig.  6.10  The  three  -  cell  circulation  of  the  atmosphere  showing  the  resultant  meridional 
pattern  -  high  and  low  pressure  areas  and  the  direction  of  surface  wind  How. 

Mean  pressure  and  wind  distribution:  There  are  seven  alternating  low  and 
high  pressure  belts  on  the  earth's  surface  (Fig.  6.11) 

1 .  Equatorial  trough  of  low  pressure  (between  5°  N  and  5°  S) 

2.  Subtropical  high  pressure  belt  (northern  Hemisphere  25°  to  35°  N) 

3.  Subtropical  high  pressure  belt  (southern  Hemisphere  25°  to  35°  S) 

4.  Sub  polar  low  pressure  belt  (northern  Hemisphere  60°  to  70°  N) 

5.  Sub  polar  low  pressure  belt  (southern  Hemisphere  60°  to  70°  S) 

6.  Polar  high  (North  Pole  region) 

7.  Polar  high  (South  Pole  region) 

The  above  pressure  patterns  are  accompanied  by  corresponding  wind  pattern 
which  can  be  divided  into  following  zones: 

1 .  Doldrums  /  Inter-tropical  convergence  zone  (ITCZ) 

2.  Trade  wind  belt 
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Polar  high 


(Source  :  Donn  W.  L.,  1975  pp  238) 

Fig.  6.11  Ideal  primary  or  terrestrial  pressure  and  wind  systems. 

3.  Westerlies 

4.  Polar  easterlies 

Low  pressure  is  associated  with  convergence  and  ascending  air  and  high 
pressure  with  descent  and  surface  divergence.  The  condition  of  greatest  heating 
and  expansion  at  the  equator  causes  rising  of  the  air  creating  low-pressure  belt 
called  doldrums.  Cooler,  denser  air  moves  from  each  side,  force  aloft  the  heated 
equatorial  air.  The  doldrum  belt  is,  therefore,  a  region  of  calms  and  is  also  called 
inter-tropical  convergence  zone  (ITCZ).  The  average  location  of  the  doldrums  is 
roughly  between  5°  N  and  5°  S. 

These  inflowing  winds  are  called  trade  winds.  The  trade  winds  belt  is  seen 
roughly  from  5°  to  30°  latitude.  The  surface  flow  is  equatorward,  and  the  flow  in 
the  upper  atmosphere  is  poleward.  The  trade  winds  become  warm  towards 
equatorward  and  having  less  water  vapour  content.  Thus,  precipitation  is  less  in 
that  belt  and  that  is  why  all  the  tropical  deserts  of  the  world  are  located  in  this 
zone.  The  trade  winds  originate  due  to  pressure  gradient  from  the  subtropical 
belts  of  high  pressure  to  the  equatorial  belt  of  low  pressure.  Instead  of  being 
north  winds  in  northern  hemisphere  and  south  winds  in  southern  hemisphere, 
are  deflected  by  Coriolis  force  to  the  right  in  the  northern  hemisphere  and  to  left 
in  the  southern  hemisphere.  These  winds  are  known  as  North-East  trades  in 
northern  hemisphere  and  South-East  trades  in  southern  hemisphere. 

They  begin  approximately  about  25°  north  and  south  latitude.  The  reasons  are 
that  the  expanded  air  at  the  equator  spreads  out  aloft  on  both  sides  and  move 
towards  the  pole.  By  the  time  they  have  reached  between  20  to  30°  latitude,  the 
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deflection  has  turned  them  in  the  eastward  direction.  This  results  in  the 
accumulation  of  air  over  20  to  30°  latitudes  (subtropics)  giving  rise  to  high-pressure 
belt.  This  is  known  as  horse  latitudes,  regions  of  descending  dry  air.  This 
circulation  is  known  as  Hadley  Cell.  In  this  wind  pattern,  the  wind  flow  in  upper 
atmosphere  is  towards  pole  and  these  winds  are  called  anti  trade  winds. 

The  sub-polar  low  and  the  sub-tropical  high  pressure  belts  cause  a  surface 
movement  of  air  from  horse  latitudes  towards  polar  region  about  60°  latitude.  These 
winds  while  moving  into  higher  latitudes  are  deflected  and  become  south  westerly 
winds  in  the  northern  hemisphere.  These  winds  are  commonly  called  the  prevailing 
westerlies  (anti  trade  winds).  In  the  upper  atmosphere,  the  reverse  air  movement 
takes  place.  This  circulation  is  known  as  Ferrel  Cell.  The  prevailing  westerlies  are 
more  variable  and  intense  compared  to  the  trade  winds.  While  moving  towards 
higher  latitudes,  the  westerlies  become  cool  due  to  lower  temperature  and  carry 
high  water  vapour  content.  The  highest  precipitation  zones  in  the  world  are  seen 
in  this  belt.  This  is  the  belt  of  cyclones  due  to  westerly  disturbances. 

The  polar  high-pressure  belt  is  due  to  thermal  low  in  polar  region.  Near  the 
poles,  the  shrinkage  of  air  due  to  cooling  favours  the  inflow  of  air  in  the  upper 
atmosphere  from  warmer  latitudes.  Sub-polar  low  pressure  belts  (polar  front)  at 
approximately  60°  latitude  and  polar  high  pressure  caps  are  favoured  by  this 
transfer  of  air.  The  winds  flow  out  from  polar  regions  towards  sub  polar  low 
pressure  belt  and  are  deflected  to  the  right  or  left  so  that  they  become  northeasterly 
or  easterly  in  the  north  polar  region  and  southeasterly  or  easterly  in  south  polar 
region.  These  winds  are  called  polar  easterlies,  and  this  circulation  is  known  as 
polar  cell. 

Thus,  the  general  circulation  of  the  atmosphere  is  a  three-cell  circulation  (tri- 
cellular  circulation). 

There  is  yet  a  supplementary  wind  system  of  the  earth,  which  is  effective  at 
higher  levels.  This  system  works  in  opposite  direction  to  the  surface  winds.  At 
higher  levels  the  winds  flow  in  directions  opposite  to  the  trades  at  low  levels, 
therefore,  these  winds  are  called  as  anti-trade  winds.  The  closed  three-cell 
circulation  showing  surface  winds  and  their  supplementary  winds  in  opposite 
directions  at  upper  level  is  shown  in  Fig  6.10. 

Cyclones  and  Anticyclones 

Cyclones:  It  is  the  atmospheric  disturbance  in  which  the  air  pressure  decreases 
at  a  particular  location  and  there  is  a  wind  movement  towards  the  center.  A  cyclone 
is  roughly  circular,  low  pressure  area  whose  diameter  may  be  from  hundreds  to  a 
thousand  or  so  kilometers,  atmospheric  pressure  is  always  lowest  in  the  center  of 
this  region  and  increases  radially  outward. 

In  Fig  6.12  the  pressure  gradient  is  shown  directed  inward  by  the  broken  arrows. 
However,  the  winds  in  the  low  are  under  the  influence  of  the  deflective  (Coriolis), 
centrifugal  and  fric-tional  forces  as  well  as  pressure  gradient,  as  described  earlier. 
Instead  of  blowing  directly  inward,  parallel  to  the  gradient,  the  wind  blows  across 
the  isobars,  at  a  high  angle  to  the  pressure  gradient. 

In  the  northern  hemisphere  the  deflective  force  causes  the  wind  to  blow  to  the 
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right  of  the  pressure  gradient, 
resulting  in  a  counterclockwise 
spiral,  inward  motion  for  the  air 
near  the  surface.  At  an  elevation 
of  thousands  of  meters  above  the 
ground,  as  noted  earlier,  frictional 
forces  are  very  low,  so  that  the 
wind  deflection  is  greater,  giving 
motion  parallel  to  the  isobars. 

Such  winds,  that  move  parallel  to 
the  isobars  as  a  result  of  balance 
between  the  pressure  gradient 
and  the  deflective  forces,  were 
defined  earlier  as  gradient  when, 
motion  is  curved  and  geostrophic 
when  it  is  more  or  less  linear.  The 
counterclockwise  motion  in  the 
northern  hemisphere  is  known  as 
cyclonic  circulation. 

Cyclones  are  also  known  as  'Lows'  or  'Depressions'.  They  originate  and 
intensify  over  tropical  oceans.  They  can  cause  extensive  damage  to  property 
and  life  over  land. 

There  are  two  types  of  cyclones: 

1.  Tropical  cyclones. 

2.  Extra-tropical  cyclones. 

Note  that  the  term  cyclone  thus  implies  to  particularly  dangerous  or  destructive 
storm,  but  is  one  of  the  typical  and  common  weather  pattern  of  the  middle  latitudes. 
Although  steep  pressure  gradients,  with  consequent  gale  winds,  often  develop 
in  middle  latitude  low-pressure  areas,  the  latter  should  not  be  confused  with  more 
violent  but  much  smaller  tropical  cyclones.  In  distinction  to  these,  the  mid  latitude 
lows  are  known  technically  as  extra  tropical  cyclones. 

Classification  of  low  pressure  Areas:  However,  the  area  of  low  pressure  is 
categorized  to  the  wind  speed  within  the  cyclonic  circulation  as  follows: 

Tropical  depressions  (winds  up  to  34  knots) 

Low  <  17  knots 

Depression  17 -27  knots 

Deep  depression  28  -  34  knots 

Tropical  storms  (winds  of  35  to  63  knots) 

Cyclonic  storm  35  -47  knots 

Severe  cyclonic  storm  48  -  63  knots 

Hurricane  or  typhoon  winds  of  64  knots  or  higher. 

One  nautical  mile  =1.15  statute  miles  =  1.85  km 

One  knot  (kt)  =  1  nautical  mile  per  hour  =1.15  mill'1  =  0.515  ms1 


(Source  :  Donn  W.  L.,  1975,  pp  216) 

Fig  6.12  Cyclonic  circulation  in  the  northern 
hemisphere. 
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Eye  of  the  cyclone:  The  center  of  the  cyclone  is  the  region  with  calm  air,  no 
cloudiness,  little  horizontal  motion  and  no  precipitation.  This  central  region  is 
known  as  'eye*  of  the  cyclone. 

Beaufort  Scale:  In  the  absence  of  an  anemometer,  wind  speed  can  be  estimated 
reliably  by  its  effect  on  objects  on  land  and  the  state  of  the  sea.  In  1805,  Admiral 
Francis  Beaufort  of  the  Royal  Navy  developed  a  wind  force  scale  that  bears  his 
name  and  which  was  based  upon  the  response  of  certain  objects  to  the  wind. 
The  modem  Beaufort  system  employs  a  series  of  numbers  from  0  to  17,  each 
number  standing  for  a  wind  velocity  between  certain  limits.  Table  6.2  gives  the 
comparative  wind  velocity  along  with  criteria  for  determining  Beaufort  wind  force. 


Table  6.2  Criteria  for  determining  beaufort  wind  force 


Beaufort 

Force 

Wind  Velocity 
mph  knots 

Specifications  for  use  on  land 

Description  of 

wind 

0 

1 

1 

Calm;  smoke  rises  vertically 

Calm 

1 

1-3 

1-3 

Direction  of  wind  shown  by  smoke  drift, 
but  not  by  wind  vanes. 

Light  air 

2 

4-7 

4-6 

Wind  felt  on  face;  leaves  rustle; 
ordinary  vane  moved  by  wind 

Light  breeze 

3 

8-12 

7-10 

Leaves  and  small  twigs  in  constant 
motion;  wind  extends  light  flag 

Gentle  breeze 

4 

13-18 

1 1-16 

Raises  dust  and  loose  paper;  small 
branches  are  moved 

Moderate  breeze 

5 

19-24 

17-21 

Small  trees  in  leaf  begin  to  sway; 
crested  wavelets  form  on  inland  waters 

Fresh  breeze 

6 

25-31 

22-27 

Large  branches  in  motion;  whistling 
heard  in  telegraph  wires;  umbrellas  used 
with  difficulty 

Strong  breeze 

7. 

32-38 

28-33 

Whole  trees  in  motion;  resistance  felt 
in  walking  against  wind 

Moderate  gale 

8. 

39-46 

34-40 

Breaks  twigs  off  trees;  generally 
impedes  progress 

Fresh  gale 

9. 

47-54 

41-47 

Slight  structural  damage  occurs 
(Chimney  pots  and  slate  removed) 

Strong  gale 

10. 

55-63 

48-55 

Seldom  experienced  inland;  trees 
uprooted;  considerable  structural  damage 

occurs 

Whole  gale 

11. 

64-72 

56-63 

Very  rarely  experienced;  accompanied 
by  widespread  damage 

Storm 

12  -17 

73-136  64-118 

Maximum  wind  damage 

Hurricane 

Anticyclones:  The  term  anti-cyclone  implies  characteristics  opposite  those  of 
the  cyclone.  Barometric  pressure  is  the  highest  at  its  center  and  decreases  outward. 
The  anticyclones  are  associated  with  fine  weather.  They  are  secondary 
atmospheric  whirls.  The  roughly  circular  high-pressure  areas  give  rise  to  winds 
whose  motion  with  respect  to  the  center  is  essentially  opposite  to  that  developed 
in  low-pressure  areas.  Under  the  influence  of  both  the  pressure  gradient  and  the 
deflective  forces,  the  winds,  which  tend  to  move  directly  out  from  the  centre  of  a 
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high  pressure  system,  develop  a 
clock-wise  outward  spiral  in  the 
northern  hemisphere  and  a 
counter  clock-wise  motion  in  the 
southern  hemisphere.  These 
motions  are  illustrated  for 
northern  hemisphere  in  Fig  6.13. 

In  Fig  6.13  the  direction  of  the 
pressure  gradient  is  indicated  by 
dashed  arrows.  Because  the  wind 
circulation  in  high  pressure 
systems  is  opposite  to  that  in 
cyclones  (low  pressure  systems), 
the  motion  is  called  anti-cyclonic 
and  the  system  is  called  an 
anticyclone. 

Further,  the  anticyclone  is 
composed  of  subsiding  air  which 
renders  it  stable  in  contrast  to  cyclones  or  other  low  pressure  systems.  It  rarely 
has  fronts  or  definite  wind-shift  lines,  but  a  gradual  change  in  wind  direction  takes 
place  as  it  passes. 

During  middle  and  high  latitude  winters  strong  anticyclones  are  associated 
with  strong  outbreak  of  dense  cold  air  that  surge  from  the  arctic  to  lower  latitudes. 
These  'Cold'  anticyclones,  or  cold  waves,  are  confined  to  the  lower  troposphere. 
Diameters  range  from  a  few  hundred  to  a  few  thousand  kilometers.  Like  the 
cyclone,  the  anticyclone  usually  has  a  pressure  pattern  represented  by  circular 
or  oval  isobars,  but  it  may  assume  various  shapes.  Ordinarily  it  travels  at  a  rate 
appreciably  slower  than  the  typical  cyclone,  but  its  direction  is  even  more  erratic. 
Where  strong  mid  -latitude  anticyclones  remain  nearly  stationary  for  several  days, 
they  control  the  movement  of  adjacent  depressions.  Persistent  'blocking  highs' 
can  exert  a  profound  influence  on  regional  weather. 

In  summer  anticyclones  over  the  continents  may  move  slowly  and  be  warmed 
by  subsidence  and  surface  heating,  producing  'heat  waves'.  Under  such  conditions 
the  high  temperatures,  light  winds,  and  pollution  attending  stable  air  can  create  a 
hazard  to  heatlh  and  economic  activities.  Visibility  becomes  progressively  poor. 

The  anticyclones  of  the  subtropics  are  associated  with  the  subtropic  highs  in 
the  general  circulation  and  are  warmer  than  those  of  the  higher  latitudes.  Their 
pressure  results  from  the  piling  up  of  a  great  mass  of  air,  subsidence  accounts  in 
part  for  their  warmth. 

Measurement  of  Surface  Wind 

The  science  of  measuring  and  recording  the  direction  and  speed  of  wind  is 
called  anemometery.  Instruments  for  surface  wind  speed  measurements  are  known 
as  anemometers,  while,  those  that  make  a  record  are  anemographs.  Devices  which 
measure  and  record  wind  direction  alone  are  known  as  wind  vanes. 


i 


(Source  :  Donn  W.  L.,  1975  pp  221) 
Fig.  6.13  Anti  -cyclonic  circulation  in  the 
northern  hemisphere. 


Air  Pressure 


63 


The  air  in  horizontal  motion  near  the  surface  of  the  earth  is  called  surface  wind. 
Since,  it  relates  motion;  it  is  associated  with  direction  and  speed  (magnitude). 
Thus  wind  is  a  vector  quantity  and  its  measurement  involves  measurement  of 
both  direction  and  speed.  For  agrometeorological  purpose  the  observations  are 
made  at  a  height  of  3  m  which  is  a  representative  height  of  crop  canopy.  As  the 
wind  is  randomly  variable  vector  quantity  both  in  space  and  time,  therefore, 
instantaneous  values  are  not  very  meaningful.  As  such  an  average  of  both 
direction  and  speed  over  a  specified  duration  (usually  3  to  5  minutes)  is  obtained. 

Wind  direction  measurement :  The  direction  from  which  the  wind  comes  is 
known  as  windward  direction  and  the  direction  to  which  wind  blows  is  known  as 
leeward  direction.  Generally  wind  is  named  by  windward  direction  e.g.  wind 
blowing  from  north  to  south  be  known  as  north  wind.  Wind  direction  is  expressed 
in  degrees  measured  clockwise  from  geographical  north.  As  it  is  average  value, 
it  is  normally  expressed  in  codes  from  00  to  16,  where  00  represent  calm,  04  easterly, 
08  southerly,  12  westerly,  16  northerly  and  so  on.  Expressing  north,  east,  south 
and  west  by  N,  E,  S  and  W  respectively,  these  directions  represented  by  8  and  16 
points  of  compass  are: 

8  points  of  compass:  N,  NE,  E,  SE,  S,  SW,  W,  NW  :  N  representing  direction 
from  340°  to  20° 

16  points  of  compass:  N,  NNE,  NE,  ENE,  E,  ESE,  SE,  SSE,  S,  SSW,  SW,  WSW, 
W,  WNW,  NW,  NNW  :  N  representing  direction  from  350°  to  10  °.  It  is  measured 
with  the  help  of  wind  vane,  which  is  described  below  (Fig.  6.14) 

Wind  vane:  A  wind  vane  of  the  conventional  type  is  shown  in  Fig.  6.14.  Well- 
designed  wind  vanes  have  the  following  characteristics. 

1.  Light  weight  so  that  the  vane  will  have  a  low  moment  of  inertia  and  will 
respond  well  to  quick  changes  in  wind  direction  without  excessive  over 
swing. 

2.  Accurate  balance  that  will  prevent  side  thrust  on  the  bearings  and  will 
prevent  a  tendency  to  point  in  one  direction  if  the  axis  of  rotation  is  not 
exactly  vertical. 

3.  Good  bearings  so  that  the  vane  will  turn  freely  with  light  winds. 

4.  Sufficient  size  and  correct  shapes  to  give  an  adequate  turning  moment  in 
light  winds. 

The  wind  vane  is  a  balanced  lever,  which  turns  freely  about  vertical  arms.  It 
consists  of  a  horizontal  aluminum  arm  carrying  a  fin  (tail)  at  one  end  and  cylindrical 
weight  at  the  other  end  (head).  The  narrow  head  always  points  to  the  direction 
from  which  the  wind  blows.  Below  the  vane  is  a  rigid  frame,  the  amis  of  which 
are  set  to  the  four  cardinal  directions  -  N,  E,  S  and  W.  The  wind  direction  is  to 
be  read  from  the  wind  vane  to  the  nearest  of  the  sixteen  points  of  the  compass. 
Standard  exposure  of  wind  instruments  over  level  open  terrain  is  3  m  above  the 
ground.  Open  terrain  is  defined  as  the  area  where  the  distance  between  the  wind 
instrument  and  any  obstruction  is  at  least  10  times  the  height  of  the  obstruction. 
The  vane  may  be  erected  on  a  metal  mast  clamped  to  a  stout  wooden  post  so 
that  vane  is  3  m  above  the  ground.  A  care  should  be  taken  in  erecting  the  vane, 
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(Source  :  Electromec  Equipments,  Pune-9) 
Fig  6.14  Wind  Vane 


firstly,  the  spindle  about  which  the  vane  turns  must  be  truly  vertical  and  secondly 
the  arms  indicating  the  cardinal  points  must  be  correctly  oriented  to  true  (not 
magnetic)  directions. 

Wind  vane  is  read  by  standing  exactly  in  the  line  of  the  arrow  of  the  instrument, 
in  order  to  record  exact  wind  direction.  The  nearest  possible  direction  is  recorded 
for  alphabetical  recording  and  the  nearest  10  degree  is  recorded  for  reporting  wind 
direction  in  degrees. 

Measurement  of  mud  speed:  Anemometers  are  used  for  the  measurement  of 
wind  speed.  In  an  anemometer  the  rotational  motion  is  converted  into  linear  motion 
by  mechanical  arrangement.  For  continuous  records,  the  instruments  used  are 
called  anemographs.  The  wind  speed  is  measured  in  kilometer  per  hour  (kmph) 
or  in  meter  per  second  (mps) 
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There  are  three  main  patterns  of  standard  cup  anemometers,  viz  counter 
anemometer,  contact  anemometer  and  generator  anemometer.  As  mostly  three- 
cup  rotation  anemometers  are  used,  therefore  the  same  is  described  below. 

Cup  counter  anemometer:  The  cup  counter  anemometer  in  its  simplest  form 
measures  the  movement  of  the  wind,  i.e.  each  rotation  of  the  cup  wheel  corresponds 
to  a  definite  distance  travelled  by  the  wind.  Therefore,  the  number  of  turns  the 
cup  wheel  makes  in  a  given  time  interval  corresponds  to  the  distance  the  wind 
traveled  in  that  interval.  The  wind  speed  can  be  determined  by  dividing  the 
distance  traveled  by  the  time  taken. 

Cup  counter  anemometer  usually  has  three  or  four  cups  either  hemispherical 
or  conical  in  shape.  These  cups  are  attached  to  the  ends  of  the  metal  arms  forming 
a  cup  wheel  which  is  light  weight.  The  cup  wheel  is  pivoted  to  a  vertical  spindle 
passing  through  a  brass  tube  attached  to  the  anemometer  base  (Fig  6.15).  The 
foot  of  the  spindle  rests  on  a  steel  ball  placed  inside  a  hollow  at  the  base  of  the 
box.  The  rotation  of  the  upright  spindle  is  transferred  by  means  of  a  gear  to  a 
counter  called  the  cyclometer.  The  counter  is  having  bold  figures,  with  a  range 
00000  to  99999.  The  four  white  figures  to  the  left  gives  the  whole  numbers  of  km 
and  the  last  figure,  which  is  red,  gives  tenths  of  a  km.  As  the  force  on  the  concave 
side  of  any  cup,  due  to  the  wind  is  greater  than  that  on  a  convex  side  in  the  same 


(Source  :  Electronic  Equipments,  Pune  -  9) 
Fig.  6.15  Cup  Counter  Anemometer. 
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position,  the  cup  wheel  rotates  due  to  this  differential  pressure.  Thus  the  run  of 
wind  past  the  instrument  over  a  period  of  hours  or  a  whole  day  is  measured  by 
reading  the  counter.  To  determine  the  wind  speed  at  the  time  of  observation, 
take  two  successive  readings  of  the  anemometer  at  an  interval  of  3  minutes. 
Subtract  the  first  reading  from  the  second  one  and  multiply  this  difference  by  60/ 
3,  and  the  wind  speed  is  obtained  in  kmph.  The  instrument  is  fixed  at  a  height  of 
3  m  above  ground.  The  exposure  conditions  are  same  as  that  of  wind  vane. 
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QUESTIONS 

1.  Fill  in  the  blanks  : 

i)  Pressure  is  defined  as  the _ per  unit  area. 

ii)  One  standard  atmosphere  is  equal  to _ mb. 

iii)  The  _  are  the  lines  connecting  the  places  having  the  same 

atmospheric  pressure. 

iv)  _ _ type  barometer  has  a  fixed  cistern 

.  v)  The  pressure  sensitive  element  in  an  aneroid  barometer  is  a _ . 

vi)  Devices  which  measure  and  record  wind  direction  alone  are  known  as 

vii)  The  direction  from  which  the  wind  comes  is  known  as _ direction. 

2.  State  true  or  false. 

i)  The  atmospheric  pressure  has  the  dimension  as  ML  2T 

ii)  The  atmospheric  pressure  increases  logarithmically  with  height. 

iii)  Closely  spaced  isobars  indicate  a  steep  change  in  pressure. 

iv)  Two  isobars  never  cross  each  other. 
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v)  The  average  location  of  the  doldrums  is  roughly  between  5°  N  and  5°  S. 

vi)  In  cyclones,  the  atmospheric  pressure  is  always  highest  in  the  center  and 
decreases  radially  outward. 

vii)  Ordinarily  anticyclones  travels  at  a  rate  appreciably  faster  than  the  typical 
cyclone. 

viii)  Aneroid  type  barometer  itself  may  be  used  for  calibration  of  the  Fortin 
barometer. 

ix)  Wind  is  a  vector  quantity. 

x)  The  science  of  measuring  and  recording  the  direction  and  speed  of  wind 
is  called  barometry. 

3.  Select  most  appropriate  answer. 

i)  1  mb  is  equal  to 

a)  10  dynes  /  cm2  b)  102  dynes/  cm2 

c)  10?  dynes/  cm2  d)  106  dynes/  cm2 

ii)  One  standard  atmosphere  is  equal  to 

a)  101,  325  hPa  b)  10,132.5  hPa 

c)  1013.25  hPa  d)  101.325  hPa 

iii)  The  science  of  measuring  and  recording  the  direction  and  speed  of  wind 
is  called 

a)  Barometry  b)  Radiometry 

c)  Anemometry  d)  Hygrometry 

iv)  The  instrument  used  for  continuous  record  of  atmospheric  pressure  is 
known  as 

a)  Hygrograph  b)  Barograph 

c)  Thermograph  d)  Anemograph 

v)  Widely  spaced  isobars  indicate  a 

a)  Steep  change  in  pressure  b)  Weak  change  in  pressure 
c)  No  pressure  change  d)  None  of  the  above. 

4.  Discuss  the  controls  on  horizontal  movement  of  air  near  the  earth's  surface. 

5.  Describe  the  three  cell  model  of  the  general  circulation. 

6.  Explain  the  cyclones  and  anticyclones. 

7.  What  causes  horizontal  variation  in  atmospheric  pressure? 

8.  Explain  the  following  instrument.  Also  state  the  principal  of  their  working. 

a)  Fortin  barometer. 

b)  Barograph 

c)  Wind  vane 

d)  Cup  anemometer. 
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9.  Define 

a)  Atmospheric  pressure  b)  Pascal 

c)  Bar  d)  Standard  atmospheric  pressure 

e)  Cyclone  f)  Anticyclone 

g)  Horizontal  pressure  gradient  h)  Isobar 

10.  Write  short  notes  - 

a)  Atmospheric  pressure 

b)  Beaufort  scale 

c)  Variation  in  atmospheric  pressure  with  height 

d)  Coriolis  force 

e)  Geostrophic  wind 

f)  Aneroid  type  barometer 


7.  Atmospheric  Moisture 


S.S.  SALUNKE 


One  of  the  interesting  property  of  water  is  to  exist  in  the  solid,  liquid  and 
vapour  phase  within  the  range  of  temperatures  that  exist  on  earth.  In  other  words 
the  moisture  on  the  surface  of  the  earth  is  in  a  constant  phase  change.  The  most 
important  phenomenon  of  this  cycle  are  evaporation,  condensation,  and 
precipitation.  The  moisture  content  of  the  atmosphere  is  about  0.035%  of  all  fresh 
water. 

At  terrestrial  temperatures  water  passes  easily  from  vapour  to  the  liquid  and 
solid  phases  with  a  large  release  or  absorption  of  heat.  The  evaporation  of  1  kg 
of  water  at  20°  C  requires  about  2.45  MJ,  which  is  known  as  the  latent  heat  of 
vapourization.  When  water  condenses  in  the  atmosphere  the  same  amount  (2.45 
MJ)  of  latent  heat  is  given  off  as  is  used  for  evaporation  at  the  same  temperature. 
When  1  kg  of  water  freezes,  about  0.34  MJ  is  released  which  is  referred  to  as 
latent  heat  of  fusion.  The  same  quantity  is,  of  course,  required  to  melt  snow  or 
ice.  In  sublimation  process,  there  is  direct  transition  of  water  from  the  solid  to 
vapour  phase,  and  vice  versa  without  passing  through  an  intermediate  liquid  phase. 
This  involves  the  consumption  or  release  of  about  2.834  MJ/  kg. 

The  atmosphere  acquires  moisture  by  evaporation  from  oceans,  lakes,  rivers, 
and  damp  soil  and  from  moisture  transpired  from  plants.  Taken  together,  these 
are  often  referred  to  as  evapotranspiration.  Water  vapor  constitutes  only  a  small 
fraction  of  the  atmosphere,  varying  from  near  0  to  4%  of  moist  air  by  volume;  it 
plays  a  major  role  in  the  heat  budget  and  the  weather  phenomenon  of  the 
atmosphere. 

Distribution  of  Water  Vapour  in  the  Atmosphere 

Water  vapour  is  furnished  to  the  air  only  from  the  evaporating  surfaces  of 
land  and  water,  water  vapour  transport  into  and  through  the  layer  of  air  adjacent 
to  the  ground  is  analogous  to  heat  transport.  Water  vapour  is  transferred  to  the 
bulk  air  primarily  by  convection  or  turbulent  transport.  The  net  upward  vapour 
transport  often  follows  with  evaporation  occurring  by  day  and  downward  at  night 
due  to  dew  deposition.  The  distribution  of  water  vapour  in  the  atmosphere  is 
directly  related  to  the  distribution  of  temperature.  Atmospheric  water  vapour 
decreases  in  a  non-uniform  way  from  the  equator  to  the  poles  in  both  hemispheres 
as  a  consequence  of  the  latitudinal  temperature  gradient.  The  horizontal  moisture 
distribution  also  varies  according  to  the  nature  of  the  underlying  surface.  Thus, 
marine  air  is  commonly  at  about  80%  of  saturation  while  continental  air,  as  over 
desert,  may  be  only  20%  saturated.  Again,  just  as  temperature  varies  with  seasons 
as  well  as  with  location,  so  the  water  vapour  density  also  changes  within  relatively 
wide  limits. 

Although  water  vapour  is  much  lighter  than  air,  the  combination  of  higher 
temperatures  and  the  occean  source  tends  to  restrict  it  to  the  lower  atmosphere. 
The  decrease  of  temperature  with  elevation  decreases  the  ability  of  the  air  to  retain 
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moisture  carried  aloft.  The  upper  part  of  the  troposphere  is  nearly  devoid  of  water 
vapour.  The  decrease  of  water  vapour  with  elevation  is  quite  important  in  many 
meteorological  processes,  and  the  way  in  which  this  decrease  occurs  can  be  seen 
from  Table  7.1. 

Table  7.1  Decrease  of  water  vapour  with  elevation 


Height 

(km) 

Water  vapour  content 
(%) 

0 

1.30 

1 

1.00 

2 

0.69 

3 

0.49 

4 

0.37 

5 

0.27 

6 

0.15 

7 

0.09 

2  8 

0.05 

(Source:  Donn,  W.  L.  1975.  Meteorology ,  p  71) 

It  is  revealed  from  the  above  table  that  the  bulk  of  the  atmosphere's  moisture 
content  is  contained  below  6  km. 

Vapour  Pressure  and  Saturation 

Vapour  pressure:  The  atmosphere  gains  water,  as  we  noted,  by  evaporation 
and  losses  it  by  condensation  followed  by  precipitation.  Fundamentally,  all 
measures  of  water  vapour  or  atmospheric  humidity  are  based  upon  quantities 
related  to  evaporation  and  condensation  over  a  flat  surface  of  pure  water.  From  a 
water  surface  that  evaporating,  the  excess  of  molecules  of  water  leaving  the  surface 
over  those  coming  in  is  expressed  and  measured  as  a  pressure.  This  pressure, 
called  the  vapour  tension,  depends  only  on  the  temperature  of  the  water  surface. 
This  concept  is  based  on  measurements  made  in  closed  space. 


(")  ih)  (c) 


(Source:  Donn,  W.  L.  1975.  Meteorology >.) 
Fig.  7.1  Evaporation  in  a  closed  container. 
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Let  us  consider  a  series  of  closed  containers  about  half-filled  with  water  as 
shown  in  Fig.7.1.  We  shall  assume  that  the  water  and  air  space  above  it  are  kept 
at  the  same  temperature.  In  (a)  air  is  absolutely  dry.  By  stage  (b)  the  water  will 
start  to  evaporate  and  introduce  four  water  particles  into  the  space  above.  If  the 
pressure  in  this  space  is  measured  during  the  process,  it  will  be  noted  that  the 
pressure  is  increasing  slightly  as  the  new  vapour  is  added.  This  increasing 
pressure  is  due  to  an  increase  in  the  partial  pressure  of  the  water  vapour,  known 
as  the  vapour  pressure.  By  stage  (c)  two  water  particles,  moving  at  random  in  the 
air,  have  returned  (condensed)  into  the  water  and  four  more  have  evaporated. 
Now  a  total  of  six  particles  are  in  the  air,  resulting  in  increase  of  vapour  pressure 
in  the  space,  than  in  stage  (b).  Continued  evaporation  and  condensation  leave 
seven  particles  in  the  air,  by  stage  (d)  and  eight  after  e  thereby  increasing  vapour 
pressure  in  the  space  continuously  as  new  vapour  is  added.  By  stage  (f)  as  many 
particles  (four)  are  leaving  as  re-entering  the  water  so  that  equilibrium  now  exists 
between  evapouration  and  condensation.  At  this  equilibrium  the  vapour  pressure 
in  the  space  is  exactly  equal  to  the  vapour  tension  of  the  water  surface.  When 
this  balance  of  pressure  is  recorded,  no  further  evaporation  will  occur,  and  if  the 
overlying  gases  and  the  water  are  at  the  same  temperature,  the  closed  space 
above  is  then  saturated  with  water  vapour.  No  net  change  will  occur  unless  we  (i) 
change  the  water  temperature  or  (ii)  remove  the  lid  on  the  box. 

If  we  increase  the  temperature,  the  additional  energy  will  permit  an  increase  in 
evaporation  causing  an  increase  in  the  number  of  water  particles  in  the  air  at  the 
saturation  or  equilibrium  value.  If  we  decrease  the  water  temperature  more  particles 
will  enter  the  water  than  leave  it,  giving  a  lower  saturation  number.  If  we  take  the 
lid  away,  the  evaporating  particles  can  leave  the  container  so  that  saturation  never 
occurs  and  evaporation  will  go  on  until  no  liquid  is  left. 

The  natural  atmosphere  is  simply  a  tremendous,  almost  lidless  container.  Small 
bodies  of  water  can  completely  evaporate  either  seasonally  or  permanently.  But 
the  atmosphere  is  not  large  enough  to  contain  all  the  oceans.  Condensation  occurs 
usually  because  of  cooling  air  temperatures  and  sometimes  from  increased  water 
content.  Under  proper  conditions,  to  be  considered  in  other  chapter,  the 
condensed  moisture  falls  or  precipitates  to  the  surface  to  complete  the  hydrological 
cycle. 

Saturation:  At  any  given  temperature  there  is  a  limit  to  the  density  of  water 
vapour  in  the  air,  with  a  consequent  upper  limit  to  the  vapour  pressure.  This  is 
termed  the  saturation  vapour  pressure  (es).  A  rigorous  definition  of  saturation  is 
that  it  is  the  maximum  water  vapour  content  of  air  in  equilibrium  with  a  plane  surface 
of  pure  water  or  of  pure  ice  at  the  same  temperature  as  the  air.  It  is  then  equal  to 
the  vapour  tension  of  the  water  surface  at  this  temperature. 

Saturation  vapour  pressure  increases  exponentially  with  increasing  temperature, 
as  shown  in  Fig  7.2,  reaching  a  maximum  of  1013  mb  (1  atmosphere)  at  boiling 
point.  Attempts  to  introduce  more  vapour  into  the  air  when  the  vapour  pressure 
is  at  saturation  produce  condensation  of  an  equivalent  amount  of  vapour.  It  is 
independent  of  the  pressure  of  the  other  gases  at  all  atmospheric  pressures.  Fig 
7.2  shows  that,  whereas  the  saturation  vapour  pressure  has  a  single  value  at  any 
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(Source  :  Barry  R.  G.  et  al.  1986) 

Fig  7.2  Saturation  vapour  pressure  as  a  function  of  temperature 


temperature  above  freezing  point,  below  0  0  C  the  saturation  vapour  pressure  above 
an  ice  surface  is  lower  than  that  above  a  supercooled  water  surface  at  the  same 
temperature.  This  is  because  the  latent  heat  required  for  the  solid  to  vapor  transition 
(2.834  MJ/  kg  )  is  greater  than  that  for  the  change  from  liquid  to  vapour  (2.45  MJ/ 
kg).  This  is  important  in  meteorology,  because  there  is  a  marked  tendency  for 
water  in  an  atmosphere,  especially,  in  clouds  to  remain  in  liquid  form  at 
temperatures  many  degrees  below  the  freezing  point  of  pure  bulk  water.  Water  in 
the  liquid  form  at  these  temperatures  is  said  to  be  super  cooled  or  under  cooled. 
At  the  point  where  saturation  occurs  the  interaction  of  the  large  number  of  high 
energy  water  vapour  molecules  with  the  lower  energy  air  molecules  becomes 
sufficient  to  cause  the  vapor  molecules  to  give  up  some  energy  and  become  liquid 
droplets  (or  solid  crystals)  as  they  revert  to  the  lower  energy  state.  Latent  heat  is 
released  in  the  process.  A  numerical  expression  of  saturation  vapour  pressure  is: 


e  =  0.61 078  exp 


f  17.269T  3 
vT  +  237. 30y 


Where  es  is  the  saturation  vapour  pressure  in  kPa  and  T  is  the  temperature  in 
°C  .  For  water  below  0  °C  the  surface  for  reference  must  be  ice  or  super  cooled 
water  rather  than  the  liquid,  and  a  different  expression  applies. 

Saturated  air  is  moist  air  whose  vapour  pressure  is  equal  to  the  saturation 
vapour  pressure.  When  vapour  pressure  is  less  than  the  saturation  vapour 
pressure,  air  is  unsaturated. 
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Measures  of  Humidity 

So  far  the  moisture  content  of  the  air  has  been  expressed  in  terms  of  the  vapour 
pressure. 

However,  moisture  content  of  the  atmosphere  can  be  expressed  in  several  ways, 
depending  on  which  aspect  the  user  wishes  to  emphasize.  Some  of  the  moisture 
variable  are  listed  below: 


(a)  Vapour  pressure 

(b)  Absolute  humidity 

(c)  Mass  mixing  ratio 

(d)  Specific  humidity 

(e)  Relative  humidity 

(f)  Virtual  temperature 

(g)  Dew  point  temperature 

(h)  The  lifting  condensation  level  (LCL) 

(i)  The  wet-bulb  temperature 

(j)  The  wet-bulb  potential  temperature 


(k)  Equivalent  temperature 

(l)  Equivalent  potential  temperature 


The  more  important  moisture  variables  (humidity  relations)  having  special 
applications  in  meteorology  are  given  below: 


Absolute  humidity  (%):  It  is  defined  as  the  ratio  of  the  mass  of  water  vapour 
to  the  total  volume  of  moist  air  in  which  it  is  contained.  Absolute  humidity  is 
given  by 


where,  m  is  the  mass  of  vapour  alone,  V  is  volume  of  air  and  can  be  related 
to  the  vapour  by 


ea  xMw 


RT 


where,  ea  is  the  partial  pressure  of  water  vapour  in  the  mixture,  Mw  is  the 
molecular  weight  of  water  (18.016  g  mol'1) ,  T  is  the  temperature,  R  is  Universal 
gas  constant  (8.314  kJ/  kg  /  mol/  °K). 

Absolute  humidity  is  expressed  in  terms  of  kilogram  of  water  vapour  per  cubic 
metre  of  moist  air.  We  can  see  that  the  absolute  humidity  will  vary  if  the  air  expands 
or  contracts,  even  though  the  water  vapour  itself  is  constant  in  amount.  Volumetric 
measurements  are  not  greatly  used  in  meteorology. 


Specific  humidity  (q):  This  is  a  more  constant  property  of  the  air  and  has 
come  into  use  in  meteorology  as  a  result  of  the  variability  of  absolute  humidity. 
Specific  humidity  (q)  is  defined  as  the  ratio  of  the  mass  of  water  vapour  in  a  sample 
of  moist  air  to  the  total  mass  of  the  sample  (dry  air  plus  water  vapour). 
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m 


q  = 


w 


m 


w 


m 


mw  +md 


...  (4) 


where,  m  is  mass  of  vapour  alone,  m  is  the  total  mass  of  the  moist  air  sample, 
md  is  mass  of  dry  air  in  the  mixture. 

Specific  humidity  (q)  is  related  to  the  vapour  pressure  by 


0.622  x  e. 


0.622  x  e. 


q  = 


P  -  [l  -  0.6220]  x  ea  P  -  0.378  x  e. 


(5) 


where,  ea  is  the  partial  pressure  of  water  vapour  in  the  mixture,  and  P  is 
atmospheric  pressure. 

The  specific  humidity  can  be  expressed  in  units  of  kilograms  of  water  vapour 
per  kilogram  of  moist  air.  From  the  definition  of  specific  humidity,  it  is  obvious 
that  if  we  are  to  extract  and  weigh  the  water  vapour  in  a  given  weight  such  as  a 
kilogram  of  air,  regardless  of  what  happens  to  the  temperature  and  volume  of  the 
air,  a  kilogram  is  still  a  kilogram  and  will  contain  the  same  mass  of  air  regardless 
of  any  volume  changes. 

Mass  mixing  ratio  (IV):  This  is  another  fairly  constant  property  of  the  air  used 
widely. 

The  mass  mixing  ratio  W  is  defined  as  the  ratio  of  the  mass  of  water  vapour 
contained  in  a  sample  of  moist  air  to  the  mass  of  dry  air  in  the  sample.  It  differs 
from  the  specific  humidity  only  in  that,  it  is  related  to  dry  air  instead  of  to  the 
total  of  dry  air  plus  vapour.  The  mixing  ratio  is  given  by: 


W  = 


m. 


w 


m 


...  (6) 


The  mass  mixing  ratio  is  related  to  vapour  pressure  by: 

e„ 


W  »  0.622 


...(7) 


The  mass  mixing  ratio  is  usually  expressed  in  terms  of  kilogram  of  water  vapour 
per  kilogram  of  dry  air. 


m 


q  = 


w 


mw  +  md 


m*/md  _  w 
m w  /  md  +1  1  +  w 


...  (8) 


Since  w  seldom  exceeds  0.02  g  per  g,  it  can  be  seen  that,  in  an  extreme  case, 
w  0.02 


0.02 


1  +  w  1  +  0.02 


...(9) 


or  approximately  q  =  W,  and  no  appreciable  error  results  if  q  and  w  are  used 
interchangeably. 

Saturation  -  based  Measures  of  Humidity 

The  saturation  concept  provides  additional  ways  of  characterizing  water 
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vapour  relationships  as  follows. 

Relative  humidity  (RH):  Generally,  when  humidity  is  mentioned,  it  is  relative 
humidity  to  which  reference  is  made.  Relative  humidity  is  the  ratio  of  the  amount 
of  water  vapor  in  the  air  to  the  amount  of  vapour  the  air  can  hold  at  that 
temperature  (or  the  capacity).  This  ratio  is  always  expressed  as  a  percentage. 

=  —  x  100  _.(10) 

es 

Relative  humidity  can  be  determined  approximately  in  several  ways: 


W  q 

RH  « - x  100  «  — 


W„ 


x  100 


...(11) 


where  the  subscript  refers  to  the  respective  saturation  values  at  the  same 
temperature. 

This  is  a  frequently  used  parameter  for  the  description  of  humidity  conditions. 
It  is  clear  that  the  relative  humidity  must  change  whenever  the  amount  of  water 
vapour  in  the  air  changes  and  whenever  the  capacity  of  the  air  changes.  The 
relative  humidity  varies  inversely  with  the  temperature.  A  decrease  in  temperature 
causes  corresponding  capacity  decrease.  If  the  capacity  decreases,  the  relative 
humidity  increases  as  the  air  is  brought  nearer  the  saturation  point.  When  the 
temperature,  hence  the  capacity,  decreases  such  that  the  relative  humidity  is  1 00%, 
the  air  will  be  saturated,  and  the  temperature  at  which  this  humidity  is  reached  is 
the  dew  point.  Further  cooling  causes  condensation. 

Dew  point  temperature  (Td):  This  is  the  temperature  at  which  saturation 
occurs  if  air  is  cooled  at  constant  pressure  without  addition  or  removal  of  vapour. 
Since  there  is  an  unique  relationship  between  saturation  and  temperature,  the  dew 
point  temperature  also  has  an  unique  value  for  any  air  mass.  It  must  be  emphasized 
that  although  Td  is  a  temperature,  it  is  only  of  interest  as  a  measure  of  humidity. 
Since  es  is  a  function  of  temperature,  there  exist  a  temperature  Td  (dew  point 
temperature)  for  which  es  is  equal  to  ea  and  relative  humidity  is  100  per  cent.  It  is 
evident  that  relative  humidity  can  also  be  determined  from 

ecat  dew  point 

RH  = - 5 - - - x  100  n2) 

esat  air  temperature 


The  relative  humidity  of  a  parcel  of  air  will  obviously  change  if  either  its 
temperature  or  its  ratio  is  changed.  In  general  the  relative  humidity  varies  inversely 
with  temperature  during  the  day,  tending  to  be  lower  in  the  early  afternoon  and 
higher  at  night.  As  long  as  the  water  content  of  a  given  quantity  of  the  air  remains 
constant,  the  dew  point  of  that  air  will  remain  practically  constant.  If  the 
temperature  drops  below  the  dew  point,  moisture  can  be  lost  by  condensation 
and  Td  will,  consequently,  be  lowered. 

Vapour  pressure  deficit  (es  -  ej:  Vapour  pressure  deficit  is  the  difference 
between  the  saturation  vapour  pressure  (the  total  possible  es  at  the  ambient 
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temperature)  and  the  actual  vapour  pressure  ea. 

It  is  a  rough  measure  of  the  drying  power  of 
the  air.  Rates  of  evapotranspiration  and 
transpiration  are  indicated  by  the  magnitude  of 
the  vapour  pressure  deficit  but  can  not  be 
directly  predicted  by  that  parameter. 

Instrumentation  for  Humidity  Measurements 

The  moisture  content  of  the  atmosphere  is 
one  of  the  most  difficult  environmental  variable 
to  measure.  The  measurement  of  humidity  in  the 
air  is  known  as  hygrometry,  and  the  instruments 
used  fall  under  the  general  name  of 
hygrometers.  These  may  involve  (1) 
measurements  of  air  temperature;  (2)  the  change 
of  physical  dimensions  upon  th  ;  absorption  of 
moisture;  (3)  the  condensation  of  r  chin  film  of 
water;  (4)  the  change  in  chemical  or  electrical 
properties  upon  absoiption  of  water  vapour;  (5) 
the  absorption  spectra  of  water  v\pour.  Many 
types  of  hygrometers  have  been  developed  for 
the  purpose,  but  only  the  common  types  will 
be  considered. 

Psychrometer  or  wet  -  and  dry-bulb  hygro¬ 
meter:  The  psychrometer  consists  of  two 
ventilated  thermometers.  One  of  the 
thermometer  has  a  thin  layer  of  muslin  wrapped 
around  the  bulb,  which  is  kept  wet  by  distilled 
water  when  the  instrument  is  in  use.  This  is 
therefore  called  the  wet-bulb  thermometer  and 
the  other  dry-bulb  thermometer.  The  dry-bulb 
thermometer  will  show  the  current  air 
temperatures.  However,  as  the  moisture  from  the  muslin  cloth  of  the  wet  bulb 
evaporates,  latent  heat  is  absorbed  by  the  evaporating  moisture,  causing  the 
temperature  of  the  wet-bulb  thermometer  to  fall.  The  faster  the  rate  of  evaporation, 
the  more  heat  is  absorbed  from  the  covered  wet  bulb  and  the  lower  the  wet-bulb 
reading  falls  below  that  of  the  dry  as  a  result  of  evaporative  cooling.  Now  the 
rate  of  evaporation  always  depends  on  degree  of  saturation  of  the  air,  which  is 
relative  humidity.  Hence  the  difference  in  temperature  between  the  wet-and  dry- 
bulb  thermometers  is  a  measure  of  relative  humidity. 

To  ensure  proper  evaporation  from  the  wet-bulb  thermometer,  the  air 
surrounding  it  should  be  continuously  replaced.  Otherwise  evaporation  would 
slow  down  as  the  stagnant  air  surrounding  the  wet  bulb  becomes  saturated. 
Therefore,  the  psychrometer  should  be  fanned  to  replace  this  air.  Water  is 
evaporated  into  the  humid  air  flowing  past  the  wet  thermometer  until  equilibrium 
is  reached.  The  temperature  of  wet  thermometer  at  this  point  is  T  the  wet  bulb 


(Source:  Berry  F.  A.  et  al.  1945) 
Fig.  7.3  Sling  Psychrometer. 
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temperature.  At  equilibrium 

ea=  es  -Ap(T-TJ  ...(13) 

Where  T  and  Tw  are  the  dry-and  wet-bulb  temperates  (°C),  P  is  the  air  pressure, 
ea  is  the  actual  vapour  pressure,  and  es  is  the  S.V.P.  at  Tw.  A  is  a  constant  of 
proportionality  and  is  slightly  dependent  on  T.  A,  according  to  Harrison  (1965), 
has  a  value  of 

A  =  6.6  x  10  (1  +  1.15  x  10 3  Tw  )  ...  (14) 

When  the  aspiration  rate  is  sufficiently  rapid  say  3-4  m/  s  or  more. 

To  avoid  fanning,  an  instrument  called  the  Sling  Psychrometer  is  used  (Fig 
7.3).  Here,  the  whole  instrument  is  whirled  rapidly  until  the  lowest  wet-bulb 
reading  is  obtained. 

From  the  above  facts,  tables  have  been  developed  to  obtain  both  the  relative 
humidity  and  the  dew  point  of  the  air.  It  is  simply  necessary  to  note  the  dry-bulb 
reading  and  wet-bulb  reading/difference  between  the  wet  and  dry,  known  as 
depression  of  the  wet  bulb,  to  obtain  the  properties,  such  as  vapour  pressure, 
vapour  pressure  deficit,  relative  humidity,  and  dew  point  temperature  of  the  air  from 
the  tables. 

Thermocouple  psychrometer  is  adapted  for  field  micrometeorology.  Here 
thermocouples  embedded  in  Teflon  plugs  measure  T  and  Tw.  The  psychrometers 
are  aspirated  and  also  shielded  against  radiation. 

Fine- wire  thermocouples  can  be  used  for  the  measurement  of  rapid  fluctuations 
in  both  temperature  and  humidity.  Such  instrument  can  be  used  in  eddy  correlation 
studies  of  heat  and  vapour  transport.  The  sensors  consist  of  0.025  mm  Chromel 
-  Constantan  thermocouples,  one  dry  and  other  wetted  by  capillary  flow  of  water 
through  a  wick.  The  very  small  fluctuations  in  output  signal  are  amplified  at  the 
sensor. 

Thermocouple  psychrometers  have  also  been  miniaturized  for  placement  within 
plant  canopies  so  that  profiles  of  temperature  and  humidity  can  be  measured  there. 
The  sensor  is  0.2  mm  constatan-manganin  thermocouples.  The  sensor  must  be 
shielded  from  radiation  but  the  fineness  of  the  wires  and  the  cotton  wick  helps  to 
reduce  the  need  for  aspiration.  Aspiration  within  the  crop  canopy  could,  likely, 
disrupt  the  temperature  and  humidity  structure  to  be  measured.  The  miniature 
thermocouple  psychrometer  was  compared  with  an  Assmann  psychrometer 
aspirated  at  4  m/  s.  Errors  no  greater  than  5%  were  found  even  when  wind  speeds 
within  the  canopy  were  as  low  as  0.1  to  0.2  m/s. 

Hair  hygrometer:  The  hair  hygrometer  is  widely  used  for  routine  measurements 
makes  a  continuous  record  of  humidity  (Fig  7.4  a  &  b).  The  sensitive  element  is 
a  bundle  of  ordinary  blond  human  hair,  which  expands  or  contracts  in  length  as 
the  humidity  increases  or  decreases.  This  change  in  length  is  nonlinear.  By  means 
of  delicate  springs  and  levers,  this  change  in  the  length  of  the  hair  is  communicated 
to  a  long  pen  arm,  which  inscribes  a  trace  on  a  rotating  drum.  In  the  instrument, 
a  pair  of  cams  rolling  against  each  other  has  a  nonlinear  motion  that  counteracts 
the  nonlinear  action  of  the  hairs,  thus  giving  the  chart  a  linear  scale.  The  graph 
chart  is  calibrated  vertically  in  relative  humidity  from  0  to  100% 
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(Source  :  Model.  EHD  -1.  Electromec  Equipments,  Pune  -  9  ) 

Fig  7.4  a.  Hair  hygrograph  lid  open  showing  drum  and  pen  arrangement. 


(Source  :  Model.  EHD  -1.  Electromec  Equipments,  Pune  -  9  ) 

Hair  hygrograph  showing  sensor  in  casing 

Fig  7.4  b.  Hair  Hygrograph 

The  hairs  should  be  kept  as  free  from  dust  as  possible  and  particularly  from 
fumes  or  dirt  that  would  form  a  non  hygroscopic  film  on  the  hairs.  The  hairs  can 
be  cleaned  with  a  camel's  hairbrush  and  distilled  water  when  necessary. 

Dew-point  hygrometer:  The  condensation  of  a  film  of  water  on  a  clean  surface 
is  used  in  these  instruments  that  are  meant  to  determine  dew  point  temperatures. 
If  the  dew-point  temperature  is  measured,  the  vapor  pressure  can  be  obtained 
from  the  tables.  Therefore,  a  dew-point  hygrometer  must  be  able  to  cool  the 
surface,  observe  the  occurrence  of  dew,  and  measure  the  surface  temperatures. 
These  processes  can  be  accomplished  manually  or  automatically. 

Most  systems  use  a  mirror  for  the  surface  and  an  optical  detector  to  detect 
the  presence  of  condensate  (Fig  7.5).  A  photoelectric  cell  can  be  utilized  to  detect 
the  formation  of  dew  by  observing  the  change  in  specular  reflection  of  light  beam 
as  the  condensate  formed.  The  mirror  surface  must  be  inert,  reflective  and  clean. 
Generally,  rhodium  plated  silver  is  used  because  of  the  surface  hardness  and  high 


Atmospheric  Moisture 


79 


Powerin 


(Source  :  EG  &  G  Environmental  Equipment,  Waltham,  Massachusetts.) 

Fig.  7.5  Principle  of  operation  of  the  dew-point  hygrometer 

thermal  conductivity.  Copper-constantan  thermocouples  made  from  20  pm  diameter 
wire,  5.5  pm  diameter  bead  thermisters  and  platinum  resistant  elements  have  been 
used  to  sense  mirror  temperatures. 

Electrical  absorption  hygrometers:  Many  types  of  electrical  absorption 
hygrometers  have  been  developed  to  exploit  the  effect  of  moisture  content  on 
the  electrical  properties  of  various  materials.  These  have  been  classified  into  types 
that  depend  on  the  conductivity  of  aqueous  electrolytic  solutions,  the  surface 
resistivity  of  impervious  solids,  and  temperature-controlled  saturated  salt  solutions. 

Infrared  hygrometer:  The  infrared  hygrometer  is  based  on  the  principle  that 
water  vapor  absorbs  energy  at  certain  wavelengths  and  not  others.  Consider  a 
test  gas  flowing  through  a  chamber  about  0.25  m  in  length  with  an  infrared  source 
at  one  end  and  lead  sulfide  detector  at  the  other.  The  light  source  is  collimated 
and  chopped  by  a  rotating  filter  wheel  transmitting  alternately  at  2.6pm  and  at 
2.45  pm.  Absorption  by  water  vapour  occurs  in  the  larger  wavelength,  but  not  in 
the  shorter.  The  attenuation  at  the  2.6  pm  wavelength,  when  compared  with  the 
attenuation  at  2.45  pm  is  proportional  to  the  water  vapour  content  at  the  test  gas. 
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QUESTIONS 

1.  Fill  in  the  blanks  - 

i)  The  moisture  content  of  the  atmosphere  is  about _ percent  of  all 

fresh  water. 

ii)  Latent  heat  of  vapourization  of  water  at  20°  C  is _ MJ. 

iii)  The  vapour  content  of  the  atmosphere  varies  from  near  0  to  _ 

percent  of  moist  air  by  volume. 

iv)  The  saturation  vapour  pressure  increases  with _ in  temperature. 

v)  At  any  given  temperature  there  is  a  limit  to  hold  water  vapour  in  the  air, 

with  a  consequent  upper  limit  to  the  vapour  pressure,  which  is  termed 
as  _ vapour  pressure. 

vi)  Vapour  pressure  of  unsaturated  air  is  less  than  the _ vaporu 

pressure. 

vii)  The _ humidity  can  be  expressed  as  kilogram  of  water  vapour  per 

kilogram  of  moist  air. 

viii)  Relative  humidity  varies  inversely  with  the _ . 

ix)  When  temperature  decreases  such  that  the  relative  humidity  is _ 

%,  the  air  will  be  saturated. 

x)  There  is  an  unique  relationship  between  saturation  vapour  pressure  and 

xi)  The  measurement  of  humidity  in  the  air  is  known  as _ . 

xii)  The  difference  in  temperature  between  the _ and _ bulb 

thermometers  is  a  measure  of  relative  humidity. 

xiii)  The  sensitive  element  in  hair  hygrograph  is  a  bundle  of _ . 

2.  Select  most  appropriate  answer  - 

i)  The  moisture  content  of  the  atmosphere  by  volume  is  about 

a)  35.0  %  b)  3.  5  % 
c)  0.  35  %  d)  0.  035  % 

ii)  Latent  heat  of  vapourization  of  water  at  20°  C  is 
a)  0.34  MJ  b)  3.4  MJ 

c)  2.45  MJ  d)  24.5  MJ 

iii)  The  S.V.P.  has  a  single  value  at  any  temperature  above 
a)  Freezing  point  b)  -  5°C 

d)  -  1 0°  C  d)  -  15°  C 


Atmospheric  Moisture 


81 


iv)  Mixing  ratio  is  usually  expressed  in  terms  of 

a)  Kilogram  of  water  vapour  per  cubic  metre  of  moist  air 

b)  Cubic  metre  of  water  vapour  per  kg  of  moist  air 

c)  Kilogram  of  water  vapour  per  kg  of  dry  air 

d)  Cubic  metre  of  water  vapour  per  kg  of  dry  air 

v)  The  bulk  of  the  moisture  content  of  atmosphere  is  contained  below  the 
height  of 

a)  2  km  b)  4  km 

3.  Match  the  following  - 

1 .  Saturation  vapour  pressure 

2.  Specific  Humidity 

3.  Mixing  ratio  wavelength 

4.  Relative  Humidity 

5.  Vapour  pressure  deficit 

6.  Psychrometers 

7.  Infrared  hygrometer 

4.  Defme 

a.  Vapour  pressure 
c.  Vapour  pressure  deficit 
e.  Specific  humidity 

5.  Differentiate  between 

a.  Actual  vapour  pressure  and  S. 

b.  Specific  humidity  and  mass  mixing  ratio 

c.  Dry  bulb  thermometer  and  wet  bulb  thermometer 

d.  Latent  heat  of  vapourization  and  latent  heat  of  fusion. 

e.  Absolute  humidity  and  relative  humidity 

6.  Explain  how  the  S.V.P.  changes  with  temperature. 

7.  a)  What  do  you  mean  by  saturation? 

b)  Enlist  the  different  ways  of  expressing  the  moisture  content  of  the 
atmosphere. 

8.  Describe  the  principal  of  working  of  hair  hygrometer. 

9.  Explain  the  principal  and  working  of  dew  point  hygrometer. 

10.  Write  short  notes  on  - 

a)  Distribution  of  water  vapour  in  the  atmosphere. 

b)  Saturation  vapour  pressure 

c)  Relative  humidity 

d)  Psychrometers 

e)  Hair  hygrometer 


i  c)  6  km  d)  8  km 

1.  Ventilated  thermometers 

2.  Drying  power  of  the  air 

3.  Absorption  of  energy  at  certain 

4.  Kilo  Pascal 

5.  kg  of  water  vapour  per  kg  of  moist  air 

6.  % 

7.  kg  of  water  vapour  per  kg  of  dry  air 

b.  Saturation  vapour  pressure 
d.  Mass  mixing  ratio 
f.  Relative  humidity 

V.P. 


8.  Clouds,  their  Types  and  Classification 

V.H.  DEOSTHALI 


When  we  listen  to  a  weather  report,  we  are  generally  interested  in  moisture 
(humidity  and  precipitation)  and  temperature  conditions  at  a  place  or  in  an  area. 
Clouds  and  fog  as  well  as  rain,  snow,  sleet  and  hail  are  among  the  most 
conspicuous  and  observational  forms  of  moisture  aspect  of  the  atmosphere.  The 
basic  atmospheric/physical  processes  involved  in  their  formation  is  condensation 
and  therefore,  these  features  are  described  as  forms  of  condensation.  In  the 
previous  unit,  we  leamt  how  condensation  process  transforms  invisible  water 
vapour  to  visible  and  liquid  water  droplets.  In  this  chapter,  we  shall  investigate 
the  mechanism  of  cloud  formation,  which  plays  the  most  interesting  role  in  the 
weather  drama. 

Significance  of  Clouds 

Clouds  being  prominent  and  spectacular  features  in  the  sky  are  of  continued 
interest  to  meteorologists  because  they  provide  a  visible  indicator  of  what  is 
going  on  in  the  atmosphere.  Clouds  are  significant  in  many  ways:  meteorologically, 
in  general,  and  agrometeorologically  in  particular.  Clouds  due  to  their  strong 
optical  properties  dramatically  affect  electromagnetic  radiation  at  most 
wavelengths.  At  visible  wavelength  (0.4  to  0.7  micrometer)  the  cloudy  atmosphere 
forms  an  opaque  medium.  In  other  words,  visible  radiation  cannot  pass  through 
clouds  resulting  into  poor  visibility.  At  wavelengths  >  4  micrometer  infrared 
(thermal)  radiation  from  the  earth's  surface  and  atmosphere  is  the  dominant 
radiation.  At  'window'  wavelength  (8  to  11  micrometer)  air  is  transparent  to 
infrared  radiation.  However,  clouds  absorb  this  radiation  and  re-emit  it  in  all 
directions.  In  brief,  day-time  cloudiness  reduces  visible  incoming  solar  radiation 
(insolation)  received  by  the  earth  and  night-time  cloudiness  reduces  nocturnal 
outgoing  terrestrial  radiation.  Furthermore,  the  absorbed  radiation  is  re-radiated 
back  to  space  as  well  as  to  the  ground  surface  by  clouds.  They  also  reflect  some 
of  the  insolation  back  to  space.  Clouds  thus  have  a  crucial  position  in  the  heat 
energy  budget. 

The  change  in  atmospheric  energy  balance  at  the  surface  being  affected  by 
the  presence  of  clouds  can  be  well  observed  in  the  Fig  8.1.  Under  cloudy 
conditions  the  amount  of  direct  solar  radiation  reaching  the  surface  is  less  but 
long  wave  reradiation  by  clouds  to  the  ground  surface  is  more.  This  process 
results  in  a  low  and  undulating  diurnal  temperature  profile  and  a  small  variation 
in  temperature  from  day  to  night  (Fig  8.1 -A).  The  Fig  8.1-B  indicates  that  in  the 
absence  of  clouds  both  -  incoming  solar  radiation  and  outgoing  terrestrial  radiation 
-  increase  generating  smooth  and  relatively  elevated  temperature  with  a  greater 
diurnal  range  in  temperature.  As  water  vapour  condenses  to  liquid  cloud  water 
or  cloud  water  freezes  to  ice,  latent  heat  is  released  making  the  local  atmosphere 
relatively  warm.  Clouds  may  keep  underlying  areas  relatively  cool  during  daytime 
by  reflecting  sunlight  back  to  space  and  keep  them  relatively  warm  at  night  by 
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Fig.  8.1  Energy  balance  at  the  surface  under  cloud  effect  at  Pune 
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intercepting  and  reemitting  thermal  radiation  that  otherwise  would  pass  from 
earth's  surface  to  space.  These  weather  characteristics  under  the  influence  of 
cloudiness  greatly  affect  photosynthesis  and  growth  related  responses  of  crops. 

Tiny  cloud  particles  may  merge  to  become  larger  precipitation  particles  leading 
to  rain  or  snow.  Precipitation  cannot  occur  until  some  cloud  particles  form.  On 
the  other  hand,  most  clouds  do  not  produce  precipitation  so  that  cloudiness 
and  rainfall  are  observed  and  forecast  separately. 

Formation  of  Clouds 

Cloud  is  defined  as  an  assembly  of  tiny  water  and/or  ice  particles  in  the 
atmosphere  above  the  earth's  surface.  The  warmer  air  rises  through  the  atmosphere 
like  a  balloon  but  with  only  an  imaginary  surrounding  envelop.  It  picks  up  moisture 
by  evaporation.  As  the  air  parcel  rises,  the  air  pressure  upon  it  decreases.  This 
results  into  the  expansion  of  air  in  the  parcel  (Fig  8.  2).  Even  then  the  parcel  is 
warmer  than  the  surrounding  air  (TP>TE).  The  entire  process  and  the  relationship 
between  temperature,  volume  and  pressure  is  defined  by  Gas  Laws.  Boyle's  Law 
defines  that  the  volume  and  pressure  of  a  gas  are  inversely  proportional  while 
Chare's  Law  defines  that  temperature  and  volume  of  a  gas  are  directly  proportional 
to  each  other.  According  to  these  laws  as  long  as  the  air  in  a  parcel  remains 
unsaturated,  temperature  will  fall  at  a  linear  rate  of  0.98°  C  per  100-meter  ascent.  It 
is  known  as  dry  adiabatic  lapse  rate  (DALR).  Eventually,  temperature  within  a  rising 
parcel  may  reach  to  its  dew  point  (Fig  8.3)  and  condensation  will  begin.  During 
the  condensation  heat  energy  is  released  in  the  form  of  latent  heat.  This  will  further 
warm  up  the  air  in  the  parcel,  continuing  uplift  under  saturated  condition.  However, 
the  resulting  cooling  will  be  slow  due  to  release  of  latent  heat.  The  lapse  rate  of 
temperature  within  saturated  air  is  known  as  saturated  adiabatic  lapse  rate  (SALR). 
It  is  always  less  than  DALR.  At  lower  altitude  difference  between  DALR  and  SALR 


Fig.  8.2  A  schematic  digram  showing  thermodynamic  changes  in  an  ascending  air  parcel 
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Fig  8.3  Cooled  air  parcel  on  uplift  reaches  dew  point  and  LCL 

is  large  which  is  attributed  to  a  high  degree  of  condensation.  At  height,  temperature 
of  ambient  air  as  well  as  of  parcel  air  is  low  that  progressively  reduces  the  rate  of 
condensation.  Less  amount  of  latent  heat  is  released;  therefore,  DALR  and  SALR 
converge.  The  height  at  which  dew  point  is  reached  marks  the  Lifting  Condensation 
Level  (LCL)  of  the  cloud  base. 

In  brief,  clouds  are  formed  when  moist  air  cools  below  a  dew  point.  Vapour 
condenses  into  droplets  on  microscopic  dust  particles  in  the  atmosphere.  If  air 
were  completely  free  from  all  suspended  particles,  condensation  would  not  take 
place  even  when  air  is  supersaturated  and  relative  humidity  is  more  than  100%. 
The  presence  of  minute  particles  in  air  initiates  condensation.  These  particles 
are  called  Cloud  Condensation  Nuclei  (CCN).  The  CCN  are  0.1  micrometer  to  a 
few  micrometers  in  diameter.  They  are  usually  water-soluble  particles  often  made 
up  of  common  salt  of  oceanic  origin.  In  the  presence  of  right  number  of  CCN 
condensation  starts  even  when  relative  humidity  is  as  low  as  75%. 

For  condensation  to  take  place,  there  should  be  a  mechanism  in  the  atmosphere 
for  cooling  of  moist  air.  Uplift  is  one  such  mechanism  of  cooling  and  a  key  to  the 
development  of  most  clouds.  The  ascent  of  an  air  parcel  can  be  created  in  three 
main  ways  (Figure  8.4). 

1 .  Barrier  effect  i)  orographic 

ii)  frontal 

2.  Convergence 

3.  Convection 

Orographic  lifting  results  when  an  air  stream  is  forced  to  rise  due  to  an  obstacle 
such  as  mountain  range  or  even  a  city  or  a  large  vegetation  stand.  The  slope 
angle  of  the  surface  largely  influences  the  development  and  characteristics  of 
the  clouds.  On  a  gentle  slope  air  is  lifted  enmass  and  layered  clouds  are  formed. 
On  steeply  sloping  mountains  the  uplift  of  air  is  also  steep  and  vertical,  then 
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clouds  with  vertical  development  may  form.  Frontal  uplift  occurs  when  warm  air 
is  forced  to  glide  over  colder  air  in  frontal  zones.  A  large-scale  uplift  of  air  flows 
takes  place  when  air  converges  or  moves  into  area  of  low  pressure.  Another 
process  of  atmospheric  uplift  is  the  free  convection  when  air  is  warmed  up  by 
contact  with  a  heated  part  of  the  earth's  surface.  The  warm  air  rises  because  it 
is  lighter  than  the  surrounding  air  and  is  replaced  by  colder,  denser  air  from  above. 
Condensation  is  induced  in  rising  air  and  clouds  are  formed. 

Dissipation  of  Clouds 

Cloud  dissipation  processes  are  opposite  of  cloud  formation  processes.  A 
descending  cloudy  air  in  the  atmosphere  becomes  warmer  and  clear  as  cloud 
particles  evaporate.  Water  particles  large  enough  to  fall  beneath  the  cloud  often 
evaporate  while  passing  through  dry  air.  Along  cloud  margins  mixing  of  air 
between  cloud  and  surrounding  dry  air  occurs.  As  a  result,  some  of  the  cloud 
particles  evaporate.  Low  clouds  often  dissipate  during  a  day  with  surface  heating 
by  solar  energy. 

Classification  of  Clouds 

Clouds  vary  clearly  reflect  the  subtle  physical  processes  in  the  vertical 
exchange  of  heat  and  moisture  between  the  earth  and  the  atmosphere.  They  are, 
therefore,  indicators  of  weather  conditions.  Although  clouds  are  continuously 
changing  and  appear  in  an  innumerable  variety  of  shapes  and  sizes,  it  is  useful 
to  define  a  limited  number  of  distinct  forms  of  clouds.  The  first  systematic  attempt 
to  classify  clouds  was  made  by  Luke  Howard  in  1803.  His  system  along  with  its 
Latin  nomenclature  was  accepted  internationally  as  a  base  of  the  later  cloud 
classification.  In  1956  the  World  Meteorological  Organization  prepared 
International  Cloud  Atlas.  It  describes  ten  main  cloud  types  which  are  grouped 
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into  3  families  based  on  altitude  (Fig  8.5). 


High 

clouds  with 
ic*  crystals 


Me  dium 
clouds  with 
ics  crystals 
and  water 
droplets 


Low 
clouds  w»th 
w  •  ter 
droplets 


Fig  8.5  Cloud  types 

High  clouds  (mean  height  5-13  km) 

1.  Cirrus  -  Ci 

2.  Cirro-cumulus  -  Cc 

3.  Cirro-stratus  -  Cs 

Medium  clouds  (mean  height  2-7  km) 

4.  Alto-cumulus  -  Ac 

5.  Alto-stratus  -  As 

Low  clouds  (mean  height  below  2  km) 


6.  Nimbo-stratus 

-Ns 

7.  Strato-cumulus 

-  Sc 

8.  Stratus 

-  St 

9.  Cumulus 

-  Cu 

10.  Cumulo-nimbus 

-Cb 

Let  us  know  the  form,  shape,  colour  and  other  characteristics  of  each  of  the 
cloud  types  mentioned  above. 

High  clouds 

L  Cirrus  clouds  (Ci).  These  are  thin  feather-like  clouds  with  a  fibrous  structure 
and  silky  appearance,  invariably,  they  are  composed  of  ice  crystals. 
Cirrus  clouds  are  observed  detached  in  the  form  of  filaments, 
patches  or  narrow  bands.  The  sun  or  moon  shining  through  these 
clouds  produces  a  halo.  They  show  brilliant  colours  at  sunset  and 
at  sunrise.  Cirrus  clouds  do  not  give  precipitation. 
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2.  Cirro-nimbus  (Cc).  They  appear  as  a  thin  whitish  layer  of  very  small  cloud 

elements  usually  without  shadows.  They  are  mostly  arranged  in 
groups,  lines  or  ripples  called  a  mackerel  sky. 

3.  Cirro-stratus  (Cs).  Cs  clouds  are  whitish,  transparent  covering  almost  the 

whole  sky  and  giving  it  a  milky  appearance.  They  commonly 
produce  a  halo  around  the  sun  or  moon. 

Middle  clouds 

4.  Alto-cumulus  (Ac).  They  have  flattened  globular  masses  of  clouds  arranged 

in  lines  or  waves.  They  differ  from  Cc  in  consisting  larger  globules 
often  with  shadows.  High  globular  groups  are  sometimes  referred 
to  as  'sheep'  clouds  or  woolpack'  clouds.  They  consist  of  ice 
crystals,  super-cooled  water  droplets  or  a  mixture  of  both. 

5.  Alto-stratus  (As).  These  are  composed  of  a  uniform  sheet  of  cloud  of  gray 

or  bluish  colour.  It  is  like  thick  Cs.  Through  it,  the  sun  or  moon 
shines  only  as  a  bright  spot.  They  consist  of  super-cooled  water 
droplets  giving  a  precipitation  as  a  light  drizzle  or  snow. 


Low  clouds 

6.  Strato-cumulus  (Sc).  Large  globular  masses  or  rolls  of  soft  gray  clouds  are 

described  as  strato-cumulus  clouds. 

7.  Stratus  (St).  They  fomi  a  low  uniform  layer  of  cloud  resembling  fog,  but  not 

resting  on  the  ground.  Stratus  clouds  are  without  any  particular 
form  or  structure.  They  are  made  up  of  water  droplets  giving  a  dull 
overcast  sky. 

8.  Nimbo-stratus  (Ns).  It  is  dense,  shapeless  low  cloud  horizontally 

homogeneous.  They  are  often  difficult  to  see  since  they 
continuously  produce  precipitation. 

9.  Cumulus  (Cu).  These  are  thick,  dense  clouds  with  vertical  development. 

The  upper  part  is  bulging  often  resembles  a  cauliflower.  The  cloud 
bases  are  found  in  the  low  level  while  the  cloud  tops  are  at  middle 
or  high  levels.  Their  flat  bases  indicate  the  dew  point  level.  Cumulus 
is  generally  found  in  the  daytime  over  land  areas.  It  dissipates  at 
night.  Most  of  the  cumulus  clouds  are  fair-weather  type. 

10.  Cumulo-nimbus  (Cb).  Cumulus  clouds  may  develop  into  cumulonimbus 

clouds.  These  are  heavy,  dense  masses  of  clouds  with  a  great 
vertical  development  whose  peaks  rise  like  mountains  or  towers. 
This  type  of  cloud  is  associated  with  heavy  rainfall,  thunder, 
lightning  and  hail.  It  has  an  anvil  head  and  flat  base.  It  often 
produces  sequally,  gusty  weather.  They  often  have  both  water  and 
ice  particles  latter  at  middle  or  higher  level. 

Various  cloud  types  described  above  along  with  their  formation  processes 
are  shown  schematically  in  Fig  8.6.  The  moist  air  when  forced  to  rise  over  a 
mountain  barrier  First  cools  rapidly  at  DALR  (Fig  8.  6-A).  After  reaching  Lifting 
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Condensation  Level  it  cools  slowly  at  SALR.  Cumuliform  clouds  form  a  top  and 
descending  airflow  warms  up  rapidly  at  DALR  along  the  downwind  side  of  a 
mountain. 

Along  a  frontal  zone  (Fig  8.6-B)  warm  and  moist  air  rises  and  sequence  of 
clouds  according  to  height  can  be  observed.  A  very  high  feathery  Cirrus  clouds 
mark  the  approach  of  a  front  at  first  followed  by  a  thin  and  more  uniform  sheet 
of  Cirro-stratus  clouds.  The  latter  progressively  become  deeper.  When  they  are 
able  to  obscure  the  outline  of  the  sun  they  are  called  Alto-stratus. 

Further  at  lower  altitude  as  they  become  darker,  the  sky  appears  gray  overcast. 
As  soon  as  the  Alto-stratus  turn  to  form  Nimbo-stratus  precipitation  occurs.  Thus 
occurrence  of  Cirro-stratus  in  mid-latitudes  can  be  used  as  precursor  of  rain.  These 
stratiform  clouds  -  Alto-stratus  and  Nimbo-stratus  -  form  layers  stretching 
horizontally  hundreds  and  even  thousands  of  kilometers. 

Air  near  the  ground  becomes  warm  due  to  solar  heating  of  the  underlying 
surface.  In  the  morning  weak  convection  currents  are  set  up  (Fig  8.  6-D). 
Convectional  processes  reach  their  peak  by  the  middle  of  the  afternoon.  Brilliantly 
white  cumulus  clouds  with  flat  bases  and  round  tops  form.  The  tops  grow  higher 
and  higher  taking  form  of  towers.  At  this  stage  they  are  called  Cumulus 
Congestus.  Simultaneously  clouds  grow  horizontally  also.  The  cumulus  top  in 
the  afternoon  develops  an  anvil  shape  and  transforms  into  a  cumulo-nimbus 
cloud.  A  Cb  cloud  then  precipitates  in  association  with  lightning  and  thunders. 

During  convergence  (Fig  8.6-C)  the  driving  force  for  setting  up  vertical  air 
currents  is  not  the  surface  heating  but  the  horizontal  pressure  gradient.  Under 
its  influence  airflows  converge  in  a  low  pressure  zone  from  the  high  pressure 
areas.  Once  the  vertical  air  currents  are  generated  the  thermodynamic 
transformation  of  the  air  parcel  similar  to  that  during  convectional  current  occurs. 
This  results  in  the  formation  of  cumuliform  clouds. 

Cloud  Observation 

The  information  of  clouds  is  generally  obtained  from  weather  stations  on  the 
earth's  surface  and  weather  satellite  in  the  space.  Surface-based  observations 
form  the  traditional  method  used  for  many  years.  It  simply  divides  the  sky  by 
eye  into  8  (octas)  or  10  (tenths)  parts  and  estimates  cloud  coverage.  Cloud  cover 
estimates  are  also  reported  by  the  ranges.  This  approach  is  rather  subjective 
and  is  mainly  restricted  to  land  areas. 

Description  Proportion  of  cloud  cover  (%) 

Clear  sky  0-5 

Scattered  cloud  cover  5-55 

Broken  cloud  cover  55  -  95 

Overcast  95  -  100 

j 

Satellite  cloud  observations  have  the  global  coverage  that  surface-based 
observation  lacks.  Early  cloud  cover  pictures  were  available  for  sun-lit  part  of 
the  earth  since  the  early  imaging  sensors  operated  on  reflected  sunlight  from 


Typical  multilayered  stratiform 
cloud 
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Fig.  8.6  Schematic  representation  of  formation  of  various  clouds 
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clouds  and  earth.  Infrared  Scanning  Sensors  of  geostationary  satellites  supply 
day  and  night  pictures  of  cloud  cover.  Cloud  images  are  important  tools  in  local 
weather  forecasting  which  is  very  crucial  for  decision-making  in  agrometeorology. 
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QUESTIONS 

1 .  Choose  correct  answer. 

I  -  Dry  adiabatic  lapse  rate  per  100  meter  ascent  is 

a.  1.2°  C  b.  0.98°  C  c.  5.4°  C 

II  -  Condensation  to  occur 

a.  CCN  should  be  less  in  number 

b.  CCN  is  not  required 

c.  CCN  should  be  adequate  in  number. 

III  -  When  the  temperature  of  an  air  parcel  reaches  dew  point,  cooling  occurs 

a.  at  dry  adiabatic  lapse  rate 

b.  at  saturated  adiabatic  lapse  rate 

c.  supersaturated  lapse  rate. 

IV  -  High  clouds  are 

a.  Alto-stratus 

b.  Cumulo-nimbus 

c.  Cirro-stratus 

V  -  Anvil  develops  in 

a.  Stratus  clouds 

b.  Cirro-cumulus  clouds 

c.  Cumulo-nimbus  clouds. 

2.  Answer  in  4-5  lines. 

a.  Why  do  clouds  dissipate? 
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b.  Why  does  separate  forecasting  of  cloud  and  precipitation  necessary? 

c.  Describe  the  sequence  of  cloud  formation  in  a  frontal  zone. 

d.  Explain  effect  of  cloudiness  on  diurnal  temperature  distribution  at  the  surface. 

e.  How  does  a  Cumulo-nimbus  cloud  develop? 

f.  Differentiate  between  convergence  and  convection  as  a  mechanism  of  uplift. 
3.  Answer  in  15-20  lines. 

a.  Classify  clouds  according  to  height  and  describe  the  characteristics  of  each 
of  them. 

b.  Give  an  account  of  physical  processes  involved  in  formation  of  clouds. 


9.  Rainfall 


M.C.  VARSHNEYA  and  V.B.  VAIDYA 


“God  loves  us  Rain  is  the  proof  of  that”.  Human  beings  have  always  been 
aware  that  weather  affects  their  life  and  activities.  Some  of  the  earliest  known 
literature  contains  mention  of  storms,  floods  and  drought  as  important  events  in 
the  history  or  folk  lore  of  a  group  of  people. 

Modem  man  finds  himself  living  in  a  very  complex  environment,  with  access 
to  tools,  facilities  and  resources  that  enable  him  to  accomplish  things  ancient 
man  ever  imagined.  Moreover,  modern  man  finds  many  of  the  activities  more 
sensitive  to  weather  events  than  was  the  case  with  his  ancestors.  In  addition, 
some  of  man's  activities  are  beginning  to  have  substantial  influence  on  the 
atmosphere.  A  growing  appreciation  is  dawning  on  making  the  atmosphere  as  a 
resource. 

Rainfall  is  the  most  predominant  form  of  precipitation  in  which  water  droplets 
of  size  greater  than  0.5  mm  fall  on  the  earth  surface.  It  is  defined  as  the  quantity 
of  water  falling  on  unit  area  of  earth’s  surface  in  specified  time.  The  unit  of 
measurement  is  mm. 

The  formation  of  drop  is  by  the  process  of  condensation.  It  is  very  important 
to  note  that  condensation  occurs  with  the  utmost  difficulty  in  clean  air,  moisture 
must  generally  find  a  suitable  surface  upon  which  it  can  condense.  Usually 
condensation  occurs  on  a  foreign  surface  which  can  be  land  or  plant  surface, 
as  is  the  case  for  dew  or  frost,  while  in  free  air  condensation  begins  around  so 
called  hygroscopic  nuclei.  There  are  microscopic  particles  -  aerosols-  the  surface 
of  which  have  the  property  of  wettability.  Aerosols  include  dust,  smoke,  salts 
and  chemical  compounds.  On  an  average,  oceanic  air  contains  1  million 
condensation  nuclei  per  litre  (thousand  cubic  centimeter )  and  land  air  holds 
some  5-6  million. 

A  droplet  of  0.1  mm  radius  evaporates  after  falling  only  150  m  at  a  temperature 
of  5°C  and  90%  relative  humidity,  but  a  drop  of  1  mm  radius  would  fall  42  km 
before  evaporating. 

Formation  of  Precipitation 

The  simple  growth  of  cloud  droplet  is  apparently  an  inadequate  mechanism 
by  itself,  but  if  this  is  the  case  then  more  complex  processes  have  to  be  envisaged. 

Numerous  early  theories  of  rain  drop  have  met  with  objections.  For  example, 
it  was  proposed  that  differently  charged  droplets  could  coalesce  by  electrical 
attraction,  but  it  appears  that  distances  between  drops  are  too  great  and  the 
difference  between  the  electrical  charges  too  small  for  this  to  happen.  It  was 
also  suggested  that  the  large  drops  might  grow  at  the  expense  of  small  ones, 
but  observations  show  that  the  distribution  of  droplet  size  in  a  land  tends  to 
maintain  a  regular  pattern,  with  the  average  radius  between  about  10-15  JUm 
and  a  few  larger  than  40  flm. 
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Another  theory  was  that  rain  drops  grow  around  exceptionally  large 
condensation  nuclei  (such  as  have  been  observed  in  some  tropical  storms). 
Large  nuclei,  it  is  known,  do  experience  a  more  rapid  rate  of  initial  condensation, 
but  after  this  stage  they  are  subject  to  the  same  limiting  rates  of  growth  that 
apply  to  other  atmospheric  water  drops. 

The  two  main  groups  of  current  theories  which  attempt  to  explain  the  rapid 
growth  of  rain  drop  involve  the  growth  of  ice  crystals  at  the  expense  of  water 
drops  and  the  coalescence  of  small  water  droplets  by  the  sweeping  action  of 
falling  drops. 

Bergeron-findeisen  theory:  This  theory  forms  an  important  part  of  the 
presently  accepted  mechanism  of  rain  drop  growth,  and  is  based  on  the  fact 
that  the  relative  humidity  of  air  is  greater  with  respect  to  an  ice  than  with  respect 
to  a  water  surface.  As  the  air  temperature  falls  below  0°C  the  atmospheric  vapour 
pressure  decreases  more  rapidly  over  an  ice  surface  than  over  water.  This  results 
in  the  saturation  vapour  pressure  over  water  becoming  greater  than  that  over 
ice,  especially  between  temperature  of  -5°C  and  -25 °C  where  the  difference 
exceeds  0.2  mb.  If  ice  crystals  and  super  cooled  water  droplets  exist  together  in 
a  land  the  latter  tend  to  evaporate  and  direct  deposition  takes  place  from  the 
vapour  on  to  the  ice  crystals  (sublimation,  which  is  direct  evaporation  from  ice). 

Just  as  the  presence  of  condensation  nuclei  is  necessary  for  the  formation  of 
water  droplets,  so  freezing  nuclei  are  necessary  before  ice  particles  can  form 
-usually  at  very  low  temperature  (about  -15  to  -25°C).  Small  water  droplets 
can,  in-fact,  be  super-cooled  in  pure  air  to  -40°C  before  spontaneous  freezing, 
but  ice  crystals  generally  predominate  in  clouds  where  temperature  are  below  - 
22°C.  Freezing  nuclei  are  far  less  numerous  than  condensation  nuclei,  for  example, 
there  may  be  as  few  as  10  per  litre  at  -30°C  and  probably  rarely  more  than  1000. 
However,  same  become  active  at  higher  temperature.  Kaolin,  a  common  clay 
mineral,  becomes  initially  active  at  -9°C  and  on  subsequent  occasions  at  -4°C. 
The  origin  of  freezing  nuclei  has  been  the  subject  of  much  debate  but  it  is 
generally  considered  that  very  fine  soil  particles  are  a  major  source.  Another 
possibility  is  that  the  meteoric  dust  provides  the  nuclei,  although  there  seems 
to  be  no  firm  evidence  of  a  relationship  between  meteoric  showers  and  rainfall. 
Volcanic  dust  ejected  into  the  upper  stratosphere  and  troposphere  during 
eruptions  might  be  an  additional  terrestrial  source. 

Once  minute  ice  crystals  have  formed  they  grow  readily  by  deposition  from 
vapour,  with  different  hexagonal  forms  of  crystal  developing  at  different 
temperature  ranges.  Ice  crystals  readily  aggregate  upon  collision,  due  to  their 
frequently  branched  (dendritic)  shape,  and  tens  of  crystals  may  form  a  single 
snow  flake.  Temperature  between  about  0°C  and  -5°C  are  particularly  favourable 
for  aggregation,  because  fine  films  of  water  on  the  crystal  surface  freeze  when 
two  crystals  touch,  binding  them  together.  When  the  fall  speed  of  the  growing 
ice  mass  exceeds  existing  velocities  of  the  air  up  currents  the  snow  flake  falls 
melting  into  a  rain  drop  if  it  passed  through  a  sufficient  depth  of  air  warmer 
than  0°C. 

This  theory  seems  fit  most  of  the  observed  facts,  yet  it  is  not  completely 
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satisfactory  for  warm  clouds. 

Practical  rain  making  has  been  based  on  the  Bergeron  theory  with  some 
success,  which  at  least  support  its  principle  points.  The  basis  of  such  experiments 
is  the  freezing  nucleus.  Super  cooled  (water)  clouds  between  -5°C  and  -\5°C 
are  seeded  with  especially  effective  nuclei  such  as  silver  iodide  or  dry  ice  (C02) 
from  air  craft  or  ground  based  generators,  in  the  case  of  silver  iodide,  promoting 
the  growth  of  ice  crystals  and  encouraging  precipitation.  The  seeding  of  some 
cumulus  clouds  at  these  temperature,  probably  produces  a  mean  increase  of 
precipitation  of  10-15%  from  clouds  which  are  already  precipitating  or  are  'about 
to  precipitate'.  Increase  of  up  to  10%  have  resulted  from  seeding  winter 
orographic  storms.  When  several  cloud  layers  are  present  in  the  atmosphere, 
natural  seeding  may  be  important.  For  example,  if  ice  crystals  fall  from  high  level 
cirrostratus  or  altostratus  (a  'release  cloud)  into  'nimbostratus'  (a  spender  cloud) 
composed  of  super  cooled  water  droplets,  the  latter  can  grow  rapidly  by  the 
Bergeron  process  and  such  situations  may  lead  to  extensive  and  prolonged 
precipitation. 

Collision  theories:  Alternative  rain  drop  theories  use  collision  coalescence 
and  'sweeping'  as  the  drop  growth  generator.  It  was  originally  thought  that 
atmospheric  turbulence  by  making  cloud  particles  collide  would  cause  a 
significant  proportion  to  coalesce.  However,  it  was  found  that  particles  might 
just  as  easily  break  up  if  subjected  to  collisions  and  it  was  also  observed  that 
there  is  often  no  precipitation  from  highly  turbulent  cloud.  Langmuir  offered  a 
variation  of  this  simple  collision  theory  by  pointing  out  that  falling  drops  have 
terminal  velocities  (1-10  cm  s1)  directly  related  to  their  diameters  such  that  the 
larger  drops  might  overtake  and  absorb  small  droplets  and  that  the  later  might 
also  be  swept  into  the  wake  of  the  former  and  be  absorbed  by  them.  Coalescence 
is  initially  slow,  the  drop  can  reach  200  flm  radius  in  50  minutes,  moreover,  the 
growth  rate  is  rapid  for  droplets  with  radii  greater  than  40  ft  m.  Calculations  show 
that  drops  must  exceed  19  flm  in  radius  before  they  can  coalesce  with  other 
droplets,  smaller  droplets  being  swept  aside  without  colliding.  The  initial  presence 
of  a  few  very  large  cloud  droplets  calls  for  the  availability  of  giant  nuclei  (e.g. 
salt  particles)  if  the  cloud  top  does  not  reach  above  the  freezing  level. 

Turbulence,  especially  in  cumuli  form  clouds,  serves  to  encourage  collisions 
in  the  early  stages  and  cloud  electrification  also  increases  the  efficiency  of 
coalescence.  Thus,  the  coalescence  process  allows  a  more  rapid  growth  than 
simple  condensation  can  provide  and  is,  in  fact,  common  in  clouds  in  tropical 
maritime  air  masses,  even  in  temperate  latitudes. 

Other  Types  of  Precipitation 

Rain  has  been  discussed  at  length  because  it  is  the  most  common  form  of 
precipitation.  Snow  occurs  when  the  freezing  level  is  so  near  the  surface  that 
aggregations  of  ice  crystals  don't  have  time  to  melt  before  reaching  the  ground. 
Generally  this  means  that  the  freezing  level  must  be  below  300  m.  Mixed  snow 
and  rain  ('sleet'  in  British  usage)  is  especially  likely  when  air  temperature  at  the 
surface  is  about  1.5°C  (34-35°F).  Snow  rarely  occurs  with  an  air  temperature 
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exceeding  4°C  (39°F). 

Soft  hail  pellets  (roughly  spherical  opaque  grains  of  ice  with  much  enclosed 
air)  occur  when  Bergeron  process  operates  in  a  cloud  with  a  small  liquid  water 
content  and  ice  particles  grow  mainly  by  deposition  of  water  vapour. 

Limited  accretion  of  small  super  cooled  droplets  forms  an  aggregate  of  soft, 
opaque  ice  particles  1  mm  or  so  in  radius.  Showers  of  such  pellets  are  quite 
common  in  winter  and  spring  from  cumulonimbus  clouds. 

True  hailstones  are  roughly  concentric  accretions  of  clear  and  opaque  ice. 
The  embryo  is  a  raindrop  carried  aloft  in  an  updraft  and  frozen.  Successive 
accretions  of  opaque  ice  (rime)  occur  due  to  impaot  of  super  cooled  droplets 
which  freeze  instantaneously  whereas  the  clear  ice  (glaze)  represents  a  wet 
surface  layer,  developed  as  a  result  of  very  rapid  collection  of  super  cooled  drops 
in  parts  of  the  cloud  with  large  liquid  water  content,  which  has  subsequently 
frozen.  On  occasions,  hailstorms  may  reach  giant  size,  weighing  up  to  0.76  kg 
each  (recorded  in  September,  1970  at  Coffeyville,  Kansas,  USA). 

Precipitation  Characteristics  and  Types 

Precipitation  refers  to  all  liquid  and  frozen  forms  of  water,  rains,  snow,  hail, 
dew,  hoar-  frost,  fog-drip  and  rime  (ice  accretion  on  objects  through  the  freezing, 
an  impact  of  super  cooled  fog  droplets)  but,  in  general,  only  rain  and  snow 
make  significant  contributions  to  precipitation  totals. 

Precipitation  data  are  also  limited  by  the  density  of  gauge  networks.  On  a 
national  basis  per  10,000  sq.  km.  area,  this  ranges  from  245  gauges  in  Britain  to 
10  in  USA  and  only  3  in  Canada  and  Asia.  In  mountain  area,  the  coverage  is 
usually  much  worse. 

Precipitation  characteristics:  There  are  many  measures  by  which  the  various 
attributes  of  precipitation  can  be  described.  Long  term  measures  such  as  mean 
annual  precipitation,  annual  variability  and  year  to  year  trends  have  been  of 
great  interest  to  the  geographer.  Weather  observations  usually  indicate  the 
amount,  direction  and  frequency  of  precipitation  and  those  enable  other  derived 
characters. 

Rainfall  intensity:  The  intensity  (=  amount/duration)  of  rainfall  during  an 
individual  storm  or  a  still  shorter  period  is  of  vital  interest  to  hydrologist  and 
water  engineers  concerned  with  flood  forecasting  and  prevention  as  well  as  to 
the  conservationist  dealing  with  soil  erosion.  High  intensity  rain  is  associated 
with  increased  drop  size  rather  than  an  increased  number  of  drops  e.g.  with 
precipitation  intensities  of  0.1,  1.3  and  10.2  cm/hr.,  the  most  frequent  raindrop 
diameters  are  0.1,  0.2  and  0.3  cm  respectively. 

Areal  extent  of  rainstorm:  The  rainfall  totals  received  in  a  givfcn  time  interval 
vary  according  to  the  size  of  the  area  which  is  considered,  showing  a  relationship 
analogous  to  that  of  rainfall  duration  and  intensity. 

Frequency  of  rainstorms:  Another  useful  term  is  the  average  time  period  within 
which  a  rainfall  of  specified  amount  or  intensity  can  be  expected  to  Occur  once. 
This  is  known  as  recurrence  interval  or  return  period. 
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Precipitation  types :  There  are  3  main  types  of  precipitation  according  to  the 
primary  mode  of  upliftment  of  the  air. 

a)  Convective  (b)  Cyclonic  and  (c)  Orographic, 

Convective  type  precipitation:  This  is  associated  with  towering  cumulus  and 
cumulonimbus  clouds.  There  are  three  subtypes  of  convective  precipitation. 

(i)  Scattered  convective  cells  developed  through  strong  heating  of  the  land 
surface  in  summer.  Especially  when  low  upper  tropospheric  temperatures 
facilitate  the  release  of  conditional  instability.  In  this  category  thunder¬ 
storms,  hailstorms  occur.  Small  areas  20-50  sq.  km  are  affected  by 
individual  heavy  downpour  which  generally  last  for  about  1/2  to  1  h. 

(ii)  Shower  of  rain,  snow  or  soft  hail  pellets  may  form  in  cold,  moist,  unstable 
air  passing  over  a  warmer  surface.  In  this,  precipitation  is  wide  spread  of 
brief  duration. 

(iii)  In  tropical  cyclones  cumulonimbus  cells  become  organized  about  the 
center  of  spiralling  bands.  In  this  case,  rainfall  can  be  very  heavy  and 
prolonged  affecting  areas  of  thousands  of  sq.  km. 

Cyclonic  type  precipitation:  Precipitation  characteristic  vary  according  to  the 
type  of  low  pressure  system  and  its  stage  of  development,  but  the  essential 
mechanism  is  ascent  of  air  through  horizontal  convergence  of  air  streams  in  an 
area  of  low  pressure.  In  extra  tropical  depressions  this  is  re-enforced  by  uplift 
of  warm,  less  dense  air  along  and  air  mass  boundary.  Such  depressions  give 
moderate  and  generally  continuous  precipitation  over  very  extensive  areas  as 
they  move  usually  eastward  in  the  westerly  wind  belt. 

Orographic  type  precipitation:  Orographic  precipitation  is  commonly  regarded 
as  a  distinct  type.  But  it  requires  careful  qualification.  Orography  is  dependent 
on  an  alignment  and  size  of  the  barrier  which  may  trigger  conditional  instability 
by  giving  an  initial  upward  motion  or  by  differential  heating  of  mountain  slopes, 
increase  cyclonic  precipitation  by  retarding  the  rate  of  movement  of  depression 
system,  cause  convergence  and  uplift  through  the  funneling  effect  of  valley  on 
airstream.  In  mid  latitude  areas  where  precipitation  is  predominantly  of  cyclonic 
origin,  orographic  effects  tend  to  increase  to  the  frequency  and  intensity  of  winter 
precipitation.  The  orographic  influence  occur  only  in  the  proximity  of  high  ground 
in  the  case  of  stable  atmosphere. 

Two  special  cases  of  orographic  effect  may  be  mentioned.  One  is  the  general 
influence  of  surface  friction  which  by  turbulent  uplift  may  assist  the  formation 
of  stratus  or  stratocumulus  layers  when  other  conditions  are  suitable.  Only 
light  precipitation  (drizzle,  light  ram  or  snow  grain)  is  to  be  expected  under  these 
circumstances.  The  other  case  rises  through  frictional  slowing  down  of  an  air 
stream  moving  inland  over  the  coast. 

Thunder  Storms 

When  a  parcel  of  air  is  either  warmer  than  the  air  surrounding  it  or  is  actively 
undercut  by  colder  encroaching  air  give  rise  to  thunder  storm.  In  both  instances 
the  air  begins  to  rise  and  the  embryo  thunder  cell  forms  as  an  unstable  updraught 


98 


Agricultural  Meteorology 


of  warm  air.  As  condensation  begins  to  form  cloud  droplets,  latent  heat  is  released 
and  the  initial  upward  impetus  of  the  air  parcel  is  augmented  by  an  expansion 
and  a  decrease  in  density  until  the  whole  mass  becomes  completely  out  of  thermal 
equilibrium  with  the  surrounding  air.  Raindrop  begin  to  develop  rapidly  when 
the  ice  stage  is  reached  by  the  vertical  buildup  of  the  cell,  allowing  the  Bergeron 
Findeisen  process  to  operate.  They  do  not  immediately  fall  to  ground  because 
the  updraught  are  able  to  support  them. 

The  mature  stage  of  storm  is  associated  with  precipitation,  downpour  and 
lightening  the  precipitation  causes  frictional  downdraught  of  cold  air.  As  the 
air  gather  momentum,  cold  air  may  eventually  spread  out  belo^v  the  thunder  cell 
in  a  wedge.  Gradually  as  the  moisture  of  the  cell  is  expended  the  supply  of 
released  latent  heat  energy  diminishes,  the  downward  draught  progressively 
gain  in  power  over  the  warm  updraught  and  the  cell  dissipates.  The  phenomenon 
is  shown  in  Fig  9.1. 


(Source  :  Byers  and  Braham;  Petterssen  1958.) 

Fig.  9.1  The  cycle  of  a  local  thunderstorm  .  The  arrows  indicatee  the  direction  and  speed  of 
air  currents.  A  The  developing  stage  of  the  initial  updraught.  B  The  mature  stage  with 
updraughts  and  downdraughts.  C  The  dissipating  stage  dominated  by  cool  downdraughts. 

Formation  of  Dew,  Fog,  Frost,  Drizzle,  Rain,  Snow  and  Hail 

Dew:  The  temperature  of  air  and  earth  surface,  decreases  to  such  an  extent 
that  water  condenses  over  the  surface,  it  is  called  dew.  It  occurs  in  the  early 
morning  hours.  Dew  is  the  water  that  is  condensed  onto  the  ground,  rocks, 
grass  and  so  on.  It  generally  forms  at  night  due  to  radiational  cooling  (most 
effective  on  clear,  still,  cool  nights),  which  causes  the  temperature  of  the  air  to 
fall  below  dew  point.  Dew  is  especially  effective  when  the  ground  layer  of  air 
has  a  high  relative  humidity,  as  along  river  valleys,  near  swamps  etc.  Dew  is 
often  the  only  form  of  moisture  available  to  plants  and  animals  in  extreme 
deserts. 

Dew  point:  Dew  point  is  the  temperature  at  which  saturation  of  the  air  occurs 
i.e.  the  temperature  at  which  the  observed  vapour  pressure  is  equal  to  saturation 
vapour  pressure.  If  the  parcel  of  air  is  hypothetically  held  at  constant  pressure 
and  vapour  content,  the  temperature  at  which  it  must  be  cooled  to  reach 
saturation  is  called  its  dew  point. 
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Fog:  The  temperature  of  air  decreased  to  such  an  extent  that  water  droplets 
remain  suspended  in  air  but  do  not  deposit  over  surface  is  called  as  fog.  It  also 
occurs  in  early  morning  hours.  Fog  is  a  stratus  cloud  that  lies  on,  or  very  close 
to  the  surface  of  the  earth.  The  horizontal  visibility  in  fog  is  reduced  to  less 
than  1  km  according  to  international  definition. 

Fog  is  an  aggregate  of  very  small  water  droplets  in  a  size  range  of  10-50  flm, 
typically  in  concentrations  of  10-100  per  cubic  centimetre  (cc).  A  critical  relative 
humidity  beyond  which  condensation  will  be  initiated  and  fog  form,  can  be 
achieved  in  four  ways  : 

1 .  Addition  of  water  vapour  to  the  volume  of  space  in  question. 

2.  Cooling  of  the  volume  by  contact  with  a  colder  surface. 

3.  Cooling  by  infrared  radiation  from  the  volume  itself. 

4.  Expansional  cooling  due  to  ascent  of  air  mass. 

Mist:  Mist  consist  of  an  aggregate  of  microscopic  sized  droplets  (~  10  flm) 
producing  a  thin,  grayish-veil  over  a  landscape,  reducing  visibility  to  a  lesser 
extent  than  fog.  Mist  is  intermediate  between  damp  haze  and  fog.  Mist  particles 
range  in  size  from  50  -  500flm,  the  latter  large  enough  to  fall  from  clouds. 

Frost:  The  temperature  of  the  air  and  earth  surface  decreases  to  such  an  extent 
that  water  condenses  and  freezes  over  the  surface  of  deposition  is  called  as 
frost.  It  damages  the  crops.  Frost  is  a  solid  phase  of  water.  The  white  frost  or 
hoar  frost  is  that  which  accumulates  on  surfaces  in  places  with  appropriate 
temperature.  The  'hoar'  implies  gray  or  grayish  tone  often  seen  on  objects  covered 
with  frost.  It  occurs  in  three  conditions. 

1.  Surfaces  on  which  the  frost  form  must  be  0°C  or  below. 

2.  The  surrounding  air  is  saturated  at  0°C  or  slightly  below. 

3.  Nuclei  are  present  so  that  the  process  of  sublimation  can  take  place. 

The  loss  of  heat  to  or  below  the  freezing  level  by  the  atmosphere  and  surface 
objects  in  dry  air  and  without  reaching  saturation  creates  'black  frost'. 

Hail:  Hail  is  a  type  of  precipitation  often  composed  of  concentric  spheres  of 
alternating  clear  and  opaque  ice,  having  a  diameter  up  to  50  or  more  Jim.  The 
largest  hail  fall  was  recorded  of  15.2  cm  and  766  g  at  Kansas,  USA  on  3,  Sept. 
1970.  Three  forms  of  hail  are  recognized. 

Graupel  or  soft  hail.  It  is  composed  of  loosely  compacted  ice  crystals  and  is 

roughly  spherical  with  tendency  to  fracture  upon  striking  the  ground. 

Diameter  is  less  than  5  mm. 

Small  hail.  It  is  semitransparent.  When  it  strikes  hard  surface,  often  in 

conjunction  with  rains,  the  hailstone  remains  intact. 

True  hail  or  severe  hail.  It  is  composed  of  hailstones  greater  than  5  mm  that 

often  causes  extensive  damage. 

Hail  is  formed  from  the  ice  embryos  form  as  liquid  water  droplets  from  the 
warmer  lower  portion  of  a  cloud,  all  carried  aloft  by  strong  vertical  currents  and 
subsequently  freeze  upon  encountering  the  subfreezing  temperature  associated 
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with  upper  portion  of  the  cloud.  It  is  form  of  precipitation  in  which  small  balls 
of  ice  with  diameter  5.5  flm  or  sometimes  more  fall.  It  damages  the  crop  beyond 
recover. 

Drizzle:  It  is  the  form  of  precipitation  in  which  drops  are  of  diameter  0.5  JUm 
and  very  close  to  each  other. 

Rain:  It  is  the  form  of  precipitation  in  which  drops  are  of  diameter  0.5  JTm 
and  more. 

Snow:  It  is  the  form  of  precipitation  in  which  loose  aggregate  of  branched  ice 
crystal  fall. 

Rainfall  Characteristics 

The  various  characteristics  of  rainfall  are  listed  below  : 

(1)  Total  rainfall  (weekly,  seasonal,  annual) 

(2)  Mean  total  rainfall  (weekly,  annual) 

(3)  Variability 

(4)  Trends 

Total  rainfall:  The  rainfall  is  measured  on  daily  basis,  hence,  its  weekly, 
seasonal  and  annual  totals  are  considered  for  analysis.  Amongst  the  seasonal 
totals  it  is,  again  sub  classified  as  monsoon  season  (June-September)  or  crop 
growing  season  (sowing  to  harvest)  rainfall.  A  day  is  called  as  a  rainy  day 
when  rainfall  recorded  is  more  than  or  equal  to  2.5  mm. 

Mean  total  rainfall :  The  mean  weekly,  seasonal  and  annual  rainfall  is  worked 
out  to  study  the  rainfall  climatology  of  that  area.  The  formula  is  given  as  below: 

1  n 

R  =  — IRi  ...(9.1) 

n  i=1 

where  Ri,  Rainfall  of  year  (i);  n,  no.  of  years; 

R,  Mean  total  rainfall  (mm). 

Variability:  The  standard  deviation  (SD)  and  coefficient  of  variation  (CV)  are 
the  standard  statistical  measures  to  express  variability  in  rainfall. 


SD 


SD 

CV  =  —  x  100% 

X 

where  Xi,  an  individual  rainfall  value; 
=  mean  value,  n  =  number  of  years 
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Trends:  The  year  to  year  variability  of  climatic  conditions  may  conceal  gradual 
trends  from  one  type  of  regime  to  another.  Statistical  methods  such  as  moving 
averages,  frequency  distribution  and  stepwise  regressions  are  employed  to  study 
these  trends. 

Instruments  for  Measurement  of  Rainfall 

The  rainfall  is  measured  by  an  instrument  known  as  rainguage.  The  amount 
of  rainfall  at  a  station  is  measured  by  rainguage.  There  are  two  types  of 
rainguages. 

(i)  Ordinary  rainguage. 

(ii)  Self  recording  rainguage. 

Ordinary  rainguage:  This  rainguage  has  following  parts  : 

(i)  Collector  with  a  gun  metal  ring  of  truly  circular  shape  ( 1 00-200  sq  cm  area), 

(ii)  A  base, 

(iii)  Polythene  bottle  and  a  measuring  glass  (Fig  9.2).  Both  the  collector  and 
the  base  are  made  up  of  fibre  glass  re-enforced  polyester  (FRP).  To 
measure  the  rainfall,  remove  the  funnel  of  rainguage  and  take  out  the 


159.6  dia- - 1 


Fig.  9.2  Raingauge 
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polythene  bottle.  Place  the  measuring  glass  in  an  empty  basin  and  slowly 
pour  the  content  of  the  bottle  into  the  glass  taking  care  to  avoid  splashing. 
Read  the  amount  of  rain  in  measuring  glass.  Generally  at  a  time  we  can 
measure  20  mm  of  rainfall,  if  rainfall  is  more  than  that,  empty  the  measuring 
cylinder,  again  pour  water  from  the  bottle  in  measuring  cylinder  and 
measure  the  amount  of  rainfall. 

Self  recording  rainguage:  It  gives  a  continuous  record  of  the  rainfall.  The 
principle  governing  is  that  rain  water  entering  the  gauge  at  the  top  of  the  cover 
is  led  via  the  funnel  to  the  receiver,  consisting  of  a  float  chamber  and  siphon 
chamber.  The  pen  is  mounted  on  the  stem  of  the  float  and  as  the  water  level 
rises  in  the  receiver  the  float  rises  and  the  pen  records  on  a  chart  placed  on  a 
clock  drum  and  records  the  amount  of  water  in  the  receiver  at  any  instant.  The 
clock-drum  revolves  once  in  24  hrs  or  7  days,  so  that  a  continuous  record  of 
the  movement  of  the  pen  is  made  on  the  chart.  Syphoning  occurs  automatically 
when  the  pen  reaches  the  top  of  the  chart  and  as  the  rain  continues,  the  pen 
rises  again  from  the  zero  line  of  the  chart.  If  there  is  no  rain  the  pen  traces  a 
horizontal  line  from  where  it  leaves  off  rising  (Fig  9.3). 

Indian  monsoon 

The  phenomena  of  monsoon 
is  global  in  character,  affecting  a 
large  portion  of  Asia,  parts  of 
Africa  (Sahel)  and  northern 
Australia  which  cover  more  than 
50%  of  the  world  population. 

The  huge  land  mass  of  Asia  in 
juxtaposition  with  the  huge  water 
mass  of  the  Indian  ocean  makes 
the  asian  monsoon  spectacular. 

India  with  a  population  of  15% 

(100  million)  of  the  world 
population  is  located  in  the 
central  portion  of  south  Asia  and 
is  predominantly  within  the 
monsoon  regime.  The  Indian 
summer  monsoon  (also  known  as 
south-west  monsoon)  contri¬ 
butes  about  80%  to  the  annual 
rain  water  potential.  In  India, 
annual  average  precipitation  is 

1090.4  mm  (Pant  and  Roopa  Kumar,  1997).  The  gross  cropped  area  is  175  M  ha 
out  of  which  70  M  ha  is  under  irrigation.  Thus,  India  is  vitally  dependent  on  the 
performance  of  summer  monsoon.  The  summer  monsoon  rainfall  largely  provides 
the  country’s  water  requirement  for  agriculture,  industry,  generation  of  hydro 
electricity  and  drinking  water. 


(Source  :  Dynalab.  Pune  -  7) 

9.3  (a)  Self  recording  raingauge  before  installation 
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Line  diagram  of  a  self  recording  raingauge  showing  syphon  and 
recording  drum  arrangements. 

Fig.  9.3(b)  Self  recording  raingauge 


The  term  monsoon  appears  to  have  originated  from  the  arabic  word  Mausim 
which  means  season.  It  is  often  referred  to  seasonal  reversal  of  winds  over  the 
Indian  ocean  especially  in  the  Arabian  sea,  that  blow  from  the  south-west  during 
one  half  of  the  year  and  from  the  north-east  during  the  other.  Almost  all  the 
eastern  hemisphere  of  the  tropics  has  a  monsoon  climate.  It  is  also  considered 
as  the  harbingers  of  rains  because  most  of  the  annual  rainfall  of  the  Indian 
subcontinent,  southeast  Asia,  East  Asia,  parts  of  Africa  and  Australia  is  obtained 
during  the  monsoons. 

Summer  monsoon  is  a  regular  phenomena  only  in  the  sense  that  it  comes  every 
year.  But  its  onset,  its  activity  during  the  season,  and  its  withdrawal  are  subject 
to  variation  that  sometimes  are  large. 

Monsoon  winds  are  most  pronounced  in  the  summer  season  of  either 
hemisphere,  that  is  during  June  to  September  in  the  northern  hemisphere  and  in 
January  and  February  in  southern  hemisphere.  Actually  summer  monsoon 
accounts  for  about  80%  of  the  annual  rainfall  of  India  (excepting  a  small  south 
eastern  part  of  the  peninsular  India  and  in  the  extreme  northern  parts),  Shri  Lanka 
and  Bangladesh.  Summer  monsoon  rains  are  quite  substantial  over  China, 
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southern  parts  of  Korea,  Japan,  West  Africa  and  Australia.  Monsoon  circulations 
are  mainly  owing  to: 

(1)  Differential  heating  of  land  and  ocean. 

(2)  The  deflection  of  wind  due  to  the  rotation  of  earth. 

The  Indian  ocean  is  locked  by  land  to  the  north  by  the  Asian  continent.  This 
geographical  feature  gives  rise  to  extreme  thermal  contrast  between  the  land  in 
the  north  and  ocean  in  the  south  in  both  summer  and  winter  which  is  the  crucial 
factor  in  the  development  of  the  most  pronounced  circulation  in  this  part  of  the 
globe,  while  the  large  scale  features  of  the  monsoon  are  repetitive  from  year  to 
year;  large  anomalies  occur  in  both  in  circulation  as  well  as  in  rainfall. 

Ramage  (1971)  formulated  four  simultaneous  criteria  to  delineate  the  monsoon 
areas 

(1)  Prevailing  wind  direction  shifts  at  least  120°  between  January  and  July. 

(2)  Average  frequency  of  prevailing  wind  direction  in  January  and  July 
exceeds  40  %. 

(3)  The  mean  resultant  wind  in  at  least  one  of  the  months  exceeds  3  ms1. 

(4)  Fewer  than  one  cyclone  -  anticyclone,  alternation  occurs  every  2  years  in 
either  month  in  a  5°  latitude,  longitude  rectangle. 

Based  on  these  criteria  Ramage  delineated  the  monsoon  region  in  world  as 
shown  in  Fig  9.4,  which  is  widely  adopted.  The  monsoon  region  includes  almost 


half  of  the  African  continent,  South  and  East  Asia  and  northern  Australia. 

Normal  dates  of  onset  of  monsoon:  Summer  monsoon  of  the  northern 
hemisphere  has  two  components.  Indian  summer  monsoon  or  south-west 
monsoon  and  east  asian  summer  monsoon.  The  Indian  summer  monsoon  is 
characterized  by  south  westerly  flow  in  the  Arabian  seas  and  south  bay  of 
Bengal  and  the  east  asian  monsoon  by  southerly  or  south  easterly  flow  in  the 
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(Source  :  India  Meteorological  Department,  1943.) 

Fig.  9.5  Mean  dates  of  onset  of  the  summer  monsoon  over  India.  Broken 
lines  denote  isolines  based  on  inadequate  data. 

lower  troposphere.  The  normal  dates  of  onset  of  summer  monsoon  over  the 
Indian  subcontinent  is  shown  in  Fig  9.5.  These  dates  have  been  determined 
from  the  average  pentad  data.  The  middle  data  of  the  pentad  with  an  abrupt  rise 
in  rainfall  was  taken  as  the  onset  date.  The  onset  of  summer  monsoon  takes 
place  over  the  main  land  of  India  by  1st  June.  It  gradually  proceeds  northward 
and  by  the  middle  of  July  whole  of  the  India  comes  under  the  grip  of  monsoon. 
Northward  march  of  monsoon  is  not  uniform  especially  over  the  India's  region. 
In  the  advancing  phases,  the  rainfall  increases  in  areas  covered  by  the  monsoon 
currents.  The  onset  and  progress  of  monsoon  show  considerable  inter-annual 
variability.  The  standard  deviation  of  the  dates  of  onset  along  the  south  coast 
of  India,  south  of  20°N  is  6-7  days,  whereas,  it  is  7-8  days  over  north  India. 
The  mean  date  of  onset  of  monsoon  over  southern  Kerala  is  2  June  and  standard 
deviation  is  8  days.  At  Mumbai,  the  onset  date  is  10  June,  over  Delhi  it  varies 
from  15  June  to  20  July.  The  mean  date  of  onset  over  Delhi  is  5  July.  The  two 
branches  of  southwest  monsoon  and  its  progress  is  given  in  Fig  9.6. 

The  northward  advance  of  monsoon  is  usually  associated  with  disturbances. 
There  is  a  pronounced  tendency  for  the  formulation  of  low  pressure  system  at 
the  leading  edge  of  the  monsoon  current.  It  was  found  that  in  about  75%  of 
occasions  advance  of  monsoon  associated  with  some  synoptic  systems.  A  feeble 


106 


Agricultural  Meteorology 


trough  in  the  low  level  depression  and  the  cyclonic  storms,  it  is  termed  as  onset 
vortex. 

The  advance  of  monsoon  towards  the  north  is  not  always  a  steady  march, 
the  activity  of  monsoon  weakens  after  an  advance  of  500  km  and  a  fresh  pulse 
is  needed  to  advance  the  monsoon  further.  This  fresh  pulse  is  normally  in  the 
form  of  low  pressure  system  like  a  depression  over  the  bay  of  Bengal.  Over 
North  India,  monsoon  generally  advances  from  east  to  west  alongwith  the 
monsoon  easterlies  which  is  known  as  bay  cuirent.  A  late  onset  is  more  harmful 
over  northern  India  than  similar  delay  over  the  south.  It  has  been  observed  that 
delayed  onset  of  monsoon  by  more  than  10  days  over  Himachal  Pradesh.  Jammu 
and  Kashmir  in  North  India  and  West  Rajasthan  and  Gujrat  in  north  west  and 
Western  India  is  likely  to  cause  deficient  rainfall  over  these  areas. 

Withdrawal:  The  normal  date  of  withdrawal  of  south-west  monsoon  from  a 
station  is  taken  as  middle  date  of  5  day  period  in  which  normal  rainfall  decreases 
markedly  from  the  preceding  5  day  period.  Such  dates  of  withdrawal  are  obtained 
for  all  the  stations  and  map  showing  the  isolines  of  normal  dates  of  withdrawal 
of  monsoon  is  prepared  (Fig  9.7).  The  normal  monsoon  withdrawal  from  western 
most  parts  of  West  Rajasthan  commences  by  1  September  and  withdrawal  for 
West  Rajasthan  is  complete  by  15  September.  The  summer  monsoon  is  withdrawn 
from  the  whole  country  except  south  peninsula  by  15  October. 

Normal  Summer  Monsoon  Rainfall  Distribution 

(i)  The  highest  rainfall  of  250-350  cm  over  coastal  Karnataka  and  the  lowest 
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rainfall  of  about  25  cm  in  western  most  parts  of  Rajasthan. 

(ii)  From  the  west  coast  rainfall  decreased  eastward  sharply  after  the  western 
ghat  reaches  minimum  over  central  parts  of  deccan  plateau  and  there  after 
increases  gradually  up  to  east  coast. 

(iii)  Over  north  India  rainfall  progressively  decreases  west-north-westward  to 
westward  from  west  Bengal  to  west  Rajasthan. 

Concentration  of  rainfall  during  summer  monsoon  season:  Mooley  (1995) 
considered  the  geographical  distribution  of  the  normal  monsoon  station  rainfall 
expressed  as  a  percentage  of  the  annual  station  rainfall. 

The  salient  points  of  this  distribution  are  : 

(i)  Over  most  parts  of  India,  summer  monsoon  rainfall  is  70%  or  more  of  the 
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(Source  :  India  Meteorological  Department  1943) 

Fig  9.7  Mean  dates  of  withdrawal  of  the  summer  monsoon  from  India.  Broken  lines  denote 

isolines  based  on  inadequate  data 
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annual  rainfall. 

(ii)  Gujrat,  Saurashtra-Kutch  and  adjoining  parts  of  Maharashtra  have  the 
highest  concentration  of  95%.  Gujrat  state  has  thus  to  manage  its  water 
dependent  activities  during  the  year  with  the  rainwater  received  in  the  four 
monsoon  months.  The  impact  of  monsoon  failure  is  the  most  severe  on 
this  state. 

(iii) In  Tamil  Nadu,  the  concentration  is  only  20-40%  during  the  summer 
monsoon  season,  since  most  of  the  rainfall  is  received  during  northeast 
monsoon  season  : 

(iv) For  Jammu-Kashmir,  the  concentration  is  35-50%.  This  portion  of  India 
gets  its  major  portion  of  annual  rainfall  from  western  disturbances  during 
November  to  April. 

Area-averaged  summer  monsoon  rainfall  of  India  during  1871-1984 :  Area- 
averaged  summer  monsoon  rainfall  over  the  plains  of  India  is  obtained  for  each 
year  on  the  basis  of  monthly  rainfall  data  from  a  fixed  network  of  306  stations 
almost  evenly  distributed.  The  mean  all-India  rainfall  is  85.3  cm  with  a  standard 
deviation  of  8.3  cm.  This  rainfall  series  is  normally  distributed.  The  lowest  rainfall 
on  record  is  60.4  cm  in  1877  and  the  highest  of  101.7  cm  in  1961. 

Years  of  low  All-India  (<  1  S.D.  below  mean,  ie  <  75  cm) : 

1873  1877  1899  1901  1904  1905  1911  1918  1920  1928 

1941  1951  1965  1966  1968  1972  1974  1979  1982(19  years) 

Years  of  high  All-India  rainfall  (>  1  S.D.  above  mean,  i.e.  >  93.6  cm)  : 

1874  1878  1892  1893  1894  1916  1917  1933  1942  1947 

1956  1959  1961  1970  1975  1983  (16  years) 

Summer  monsoon  rainfall  variability:  Coefficient  of  variation  (CV)  is  used 
to  assess  the  variability  of  the  rainfall  over  India.  Coefficient  of  variation  of 
monspon  rainfall  at  a  station  is  defined  as  the  ratio  of  the  standard  deviation  to 
the  mean  rainfall  at  the  station  expressed  as  a  percentage,  CV  for  each  observatory 
station  is  computed  by  using  the  rainfall  data  for  a  long  period.  The  same  is 
plotted  on  a  map  of  India  and  isolines  of  CV  are  drawn  on  the  map.  The  map 
shows  the  rainfall  variability  over  the  different  parts  of  India.  The  highest 
variability  of  40-60%  is  found  over  Punjab,  Haryana,  most  of  Rajasthan,  north 
Gujrat,  Saurashtra-Kutch  and  south-east  Tamilnadu.  The  lowest  variability  of  20% 
is  observed  over  central  portion  of  west  coast  (i.e.  coastal  Karnataka),  Assam, 
Sub-Himalayan  West  Bengal,  South  Bihar  Plateau  and  adjoining  areas  of  Orissa 
and  of  East  Madhya  Pradesh.  Elsewhere  over  the  country,  the  rainfall  variability 
is  20-40  %. 

North-east  Monsoon  Rainfall 

Onset  of  north-east  monsoon:  The  onset  of  northeast  monsoon  normally  takes 
place  over  south  peninsula  (Tamilnadu,  south  coastal  Andhra  Pradesh, 
Rayalaseema  and  interior  south  Karnataka)  at  about  1 5  October.  The  onset  does 
show  some  variability  from  year  to  year.  Withdrawal  of  northeast  monsoon  from 
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south  peninsula  is  almost  complete  by  mid-December.  Northeast  monsoon 
rainfall  is  important  for  the  growth  of  rabi  (i.e.  winter)  crops  in  south  peninsula. 

Normal  north-east  monsoon  rainfall  distribution:  The  highest  seasonal 
rainfall  of  600-800  mm  occurs  in  north  Tamil  Nadu  coast.  The  400-600  mm  rainfall 
occurs  in  south  coastal  Andhra  Pradesh,  south  Tamilnadu,  and  Kerala,  200-400 
mm  in  rest  of  coastal  Andhra  Pradesh,  south  interior  Karnataka  and  coastal 
Karnataka  and  100-200  mm  elsewhere  in  south  peninsula,  Orissa  and  southeast 
Madhya  Pradesh. 

Rainfall  variability:  Coefficient  of  variation  of  rainfall  is  less  than  40%  over 
south  Tamil  Nadu  and  south  Kerala  and  40-60%  elsewhere  over  south  peninsula. 
It  is  higher  further  north.  Rainfall  variability  is  very  high  over  northwest  India. 

Western  Disturbances 

Primary  mid-latitude  depressions  move  across  Europe  and  north  Asia. 
Secondaries  and  tertiaries  of  these  form  in  lower  latitudes.  The  tertiaries  affect 
north  and  central  India  during  the  period  mid-November  to  about  end  of  April. 
They  generally  move  from  west  to  east.  In  winter  these  come  to  the  lowest 
latitude.  These  systems  which  affect  the  Indian  weather  have  been  termed  as 
western  disturbances. 

A  western  disturbance  is  defined  as  a  low  or  a  trough  of  low  pressure  at  the 
surface,  or  a  trough  or  cyclonic  circulation  in  the  wind  above  the  surface. 
December  to  March  is  the  main  period  when  these  affect  Indian  weather.  On  an 
average  about  2  such  systems  per  month  may  affect  the  Indian  weather  during 
this  period.  The  frequency  may  be  one  each  in  November  and  April. 

The  approach  of  a  western  disturbance  is  heralded  by  high  clouds.  As  the 
system  approaches,  the  clouds  thicken  and  lower  and  start  giving  precipitation 
which  may  be  drizzle  or  light  to  moderate  rain.  After  some  time  the  rainfall  would 
cease.  Later  a  thundershower  may  occur  and  thereafter  little  clouding  or  cloud- 
free  skies  would  be  observed. 

In  the  rear  of  these  disturbances,  cold  waves  may  sometimes  be  experienced 
over  NW/north  India.  The  cold  wave  may  abate  after  a  couple  of  days. 

The  rainfall/snowfall  (in  hilly  areas)  associated  with  western  disturbances  is 
very  helpful  for  rabi  (or  winter  crops)  crops  in  north  and  central  India. 

Rainfall  Forecasting  Techniques 

Time  scales  of  weather  prediction  : 

(a)  Short  range  1-3  days 

(b)  Medium  range  4-10  days 

(c)  Long  range  -  beyond  10  days  and  up  to  a  season. 

Methods  of  long  range  forecasting  of  south-west  monsoon  rainfall. 

Dynamical.  It  is  based  on  mathematical  equations  simulating  the  physics  of 
the  global  atmosphere. 

Statistical.  Based  on  the  empirical,  statistical  formulations.  Most  of  the  LRF 
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techniques  evolved  are  statistical.  They  can  be  broadly  categorized  into  : 

(a)  Time  series  method  like  Dynamic  Stochastic  Transfer  Model. 

(b)  Teleconnections  establishing  statistical  relationships  with  antecedent 
global  and  regional  parameters. 

IMD  has  done  pioneering  work  in  LRF  of  south-west  monsoon  as  mentioned 
below: 

(i)  Worldwide  survey  of  correlation  coefficients  connecting  monsoon  rainfall 
and  antecedent  meteorological  parameters  to  evolve  objective  method  of 
monsoon  forecast. 

(ii)  Discovery  of  one  of  the  important  oscillations  of  global  pressure  field,  i.e. 
the  southern  oscillations  and  its  influence  on  south  west  monsoon. 

(iii)  Attempted  forecast  for  homogenous  subregions  viz;  northeast,  peninsula 
and  northwest  India. 

Long  Range  Forecasting  of  South-west  Monsoon 

Monsoon  is  a  complex  system.  As  such,  it  is  not  yet  possible  to  develop  a 
deterministic  model  for  long  range  forecasting  of  monsoon  rainfall.  The  India 
Meteorological  Department  has  been  issuing  the  Long  Range  Forecast  (LRF) 
for  the  south-west  monsoon  every  year.  The  scientific  basis  of  long  range 
forecasting  is  that,  there  are  several  signals  prior  to  the  monsoon  which  are 
indicative  of  its  likely  performance.  The  parameters  having  a  linkage  with  the 
monsoon  rainfall  should  not  only  be  statistically  well  correlated  but  also  be 
physically  relevant.  The  first  operational  LRF  was  issued  by  IMD  in  June  1886. 
Landmark  contributions  in  this  field  were  made  by  Sir  Gilbert  Walker  who  was 
the  Director  General  for  1904-1924. 

In  1988,  a  new  LRF  model  termed  as  Parametric  and  Power  Regression  Model 
was  developed  by  IMD  scientists  led  by  Dr.  V.R.  Govarikar,  then  Secretary, 
Department  of  Science  &  Technology.  This  model  is  being  used  operationally 
by  IMD  since  then.  It  uses  16  regional  and  global  land-ocean-atmosphere 
parameters  which  are  physically  related  to  the  Indian  monsoon  rainfall.  Each 
model  parameter  is  defined  in  terms  of  observations  over  a  specific  location  and 
period,  which  in  some  cases  extends  upto  the  end  of  May.  Thus,  the  LRF  can 
as  such  be  generated  only  by  May  end. 


IMD’s  16  Parameter  Model 

Model  equation  : 


R  +  a(o) 

P(o) 


16 


C(O)  +  I  C(i) 

1=1 


X(i)  +  a(i) 
P(0 


IPO) 


where,  R  is  the  monsoon  rainfall  over  India  as  a  whole  (June  to  September), 
a,  (5 ,  C  &  p  are  constants  and  X(i)  are  parameters. 

X  (1)  -  50  h  Pa  (20  km)  Northern  Hemisphere  wind  pattern  (Winter). 
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X  (2)  -  Eurasian  Snow  Cover  (December). 

X  (3)  -  500  h  Pa  (6  km)  Wind  Pattern  (April) 

X  (4)  -  Central  India  Temperature  (May) 

X  (5)  -  10  h  Pa  (30  km)  Zonal  Wind  (January) 

X  (6)  -  East  coast  of  India  Temperature  (March) 

X  (7)  -  Northern  Hemisphere  Surface  Pressure  Anomaly  (January-April) 

X  (8)  -  Argentina  Pressure  (April) 

X  (9)  -  Northern  Hemisphere  Surface  Temperature  (Winter) 

X  (10)  -  Southern  Oscillation  Index  (Tahiti-Darwin)  (Spring) 

X  (1 1)  -  El-Nino  Category  (Previous  Year) 

X  (12)  -  Northern  India  Temperature  (March) 

X  (13)  -  India  Ocean  Equatorial  Pressure  (Janury  to  May) 

X  (14)  -  El-Nino  Category  (Same  year) 

X  (15)  -  Himalayan  Snaow  Cover  (January  to  March) 

X  (16)  -  Darwain  Pressure  (Spring) 

Performance  of  LRF  of  Sotuhwest  Monson  during  last  10  yearss  as  cmpound  with  the 
actual  rainfall  i.e.  Long  Period  Average  (LRA)  is  given  in  Table  9.1. 


Year 

Monsoon  Rainfal 

(Percent  of  LPA) 

Actual 

Forecast* 

1988 

119 

113 

1989 

101 

102 

1990 

106 

101 

1991 

91 

94 

1992 

93 

92 

1993 

100 

103 

1994 

110 

92 

1995 

100 

97 

1996 

103 

96 

1997 

102 

92 

1998 

106 

99 

*(Model  error  is  ±  4%) 


India  Meteorology  Department  issued  its  operational  LRF  for  southwest 
monsoon  season  for  1998  on  25  May  1998,  using  16  parametric  and  power 
regression  model.  As  per  this  forecast,  the  rainfall  over  the  country  as  a  whole 
for  the  entire  southwest  monsoon  season  was  likely  to  be  99%  of  its  long  period 
average  with  an  estimated  model  error  of  ±  4%.  In  1998,  9  out  of  16  parameters 
were  favourable  for  normal  monsoon.  Regional  temperature  parameters  were 
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highly  favourable  for  a  good  monsoon  even  though,  El-Nino  parameters,  QBO 
and  snow  cover  were  unfavourable. 

Definition  of  Normal  Monsoon 

Based  upon  a  observed  variability  in  space  and  time,  for  the  country  as  a 
whole  seasons  rainfall  within  10%  of  the  long  period  average  is  defined  as  normal. 
For  individual  meteorological  subdivisions  rainfall  within  19%  of  the  long  period 
average  is  defined  as  normal. 

Experimentally  following  models  are  tried  to  predict  long  range  forecast  of 
monsoon: 

Parametric  model:  This  qualitative  forecast  model  utilizes  the  signals  from 
16  antecedent  global  and  regional  land-ocean-atmospheric  parameters.  For  1998 
monsoon  analysis  of  the  signals  from  these  parameters  indicated  that  during 
the  year  56%  of  them  are  favourable  for  normal  monsoon. 

Power  regression  model:  This  qualitative  forecast  model  is  based  on  physical 
relationship  of  monsoon  rainfall  with  16  different  individual  parameters. 
According  to  this  model  total  amount  of  rainfall  over  the  country  as  a  whole 
during  the  monsoon  season  from  June  to  September  1998  was  predicted  99%  of 
its  long  period  average. 

Multiple  regression  model:  This  qualitative  model  is  based  on  statistical 
correlation  between  monsoon  rainfall  and  certain  global  and  regional 
meteorological  parameters.  The  model  utilizes  7  predictors  and  the  forecast  based 
on  this  model  indicates  that  monsoon  rainfall  during  June  to  September,  1998 
was  predicted  106%  of  its  long  period  average. 

Dynamic  stochastic  transfer  model:  This  model  considers  the  atmosphere  as 
a  dynamic  system.  It  utilizes  regional  parameters  as  inputs  and  yields  monsoon 
rainfall  over  the  country  as  an  whole  as  an  output.  Computations  from  the  model 
indicated  that  the  monsoon  rainfall  over  the  country  as  a  whole  during  June  to 
September,  1998  was  93%  of  its  long  period  average. 

Experimental  Models 

Recently  IMD  has  developed  couple  of  new  long  range  forecast  models  for 
monsoon  rainfall  over  India  as  a  whole.  The  performance  of  these  models 
indicates  that  following  three  models  have  reasonable  accuracy. 

Power  transfer  model:  Model  has  been  developed  based  on  dynamic 
stochastic  transfer  and  power  regression  technique.  The  model  uses  12  regional 
and  global  parameters  as  inputs  and  indicated  that  monsoon  rainfall  during  1998, 
the  country  as  a  whole  was  97%  of  its  long  period  average. 

i 

Principle  component  regression  model:  The  model  has  been  developed  based 
on  the  Empirical  Orthogonal  Function  (EOF)  analysis  technique  and  makes  use 
of  8  regional  and  global  parameters.  The  forecast  from  this  model  indicated  that 
monsoon  rainfall  during  1998  over  the  country  as  a  whole  was  103%  of  its  long 
period  average. 

Hybrid  artificial  neural  network  model:  The  model  has  been  developed  based 
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on  the  EOF  analysis  of  8  regional  and  global  parameters  and  artificial  neural 
network  techniques.  Forecast  from  this  model  indicated  that  the  monsoon  rainfall 
during  1998  over  the  country  as  a  whole  was  105%  of  its  long  period  average. 

Out  of  these  models,  the  performance  of  parametric  and  power  regression 
model  proves  to  be  most  accurate  over  the  past  10  years.  Hence,  it  is  used 
operationally  since  1988  for  issuing  official  forecast  of  IMD. 

A  detailed  study  of  monsoon  rainfall  viz.  the  regional  and  global  climatological 
signals  in  several  permutations  and  combinations  has  led  the  formation  of  base 
for  LRF  of  south-west  monsoon. 

Thus,  the  long  range  forecasting  of  monsoon  is  most  essential  in  planning 
the  crop  and  agriculture  in  developing  countries,  where  agricultural  success  is 
closely  linked  with  the  behaviour  of  the  monsoon,  abnormal  monsoons  can  inflict 
calamity  on  an  enormous  scale  which  affects  all  segments  of  the  economy  of 
those  countries.  The  stability  in  agricultural  production  is  achieved  in  the  world 
where  the  monsoon  is  normal.  This  requires  enlightened  agricultural  practices 
and  advances  in  our  ability  to  predict  the  behaviour  of  the  monsoon  on  virtually 
every  time  scale  ranging  from  few  days  to  a  few  seasons  in  advance. 

With  the  help  of  science  and  technology,  human  ingenuity  and  endeavour 
can  convert  calamities  into  opportunities  for  progress.  Through  concurrent 
advances  in  weather  forecasting,  prediction  of  climatic  trends  and  abnormal 
monsoon  management,  humankind  can  be  insulated  from  hardships  caused  by 
droughts  and  floods  to  a  much  greater  extent  than  has  been  considered  possible 
until  now. 
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QUESTIONS 


1.  Define  the  following  terms. 
A.  Dew 

C.  Coefficient  of  variation 
E.  Fog 


B.  Frost 

D.  Normal  monsoon 
F.  Rainy  day 


2.  Write  short  notes  on  the  following. 

1.  Thunderstorms 

2.  Collision  theory  of  rain  formation 

3.  Orographic  precipitation 

4.  Western  disturbances 

5.  North-east  (winter)  monsoon 

3.  Explain  with  the  help  of  a  neat  diagram  the  non-recording  type  FRP  rain  gauge. 

4.  Explain  the  onset  and  spread  of  summer  monsoon  rainfall  in  India. 

5.  Explain  the  Bergeron  -  Findeisen  theory  of  rainfall  formation. 

6.  Explain  in  brief  the  hail  formation  and  its  structure. 

7.  Explain  in  brief  variability  of  summer  monsoon  in  India. 

8.  Explain  in  brief  the  causes  of  monsoon  and  criteria  for  delineation  of  monsoon 
areas. 

9.  Explain  in  brief  the  long  range  forecast  model  developed  by  Gowarikar  et  al. 


(1988). 

10.  Enlist  and  explain  different  experimental  models  to  predict  monsoon  rainfall. 
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One  of  the  most  important  ingredients  of  the  soil  is  the  moisture  that  fills  part 
of  the  pores  between  solid  soil  particles.  Soil-plant-water  relationships  relate  to 
the  properties  of  soil  and  plants  that  affect  the  movement,  retention  and  use  of 
water.  Water  affects  intensely  many  physical  and  chemical  properties  of  soils  as 
well  as  plant  growth.  Water  as  such  and  also  as  a  carrier  of  large  amount  of 
nutrients,  is  required  in  large  measure  for  successful  growth  of  crops. 

Only  the  water  stored  in  the  root  zone  of  a  crop  can  be  utilized  by  it  for  its 
evapotranspiration  needs.  Soil  serves  as  the  storage  reservoir  for  water.  When 
ample  water  is  in  the  root  zone,  plants  extract  their  daily  water  requirements  for 
proper  growth  and  development.  As  the  plants  continue  to  use  water,  the  available 
supply  diminishes  and  unless  more  water  is  added  either  by  rainfall  or  by  applying 
irrigation,  the  plants  stop  growing  and  finally  die.  Hence,  it  is  important  to  know 
water  status  of  soil. 


Physical  Properties  and  Mechanical  Composition  of  Soil 

Soil  is  a  three-phase  system  comprising  of  the  solid  phase  made  of  mineral 
and  organic  matter  and  various  chemical  compounds,  the  liquid  phase  called  the 
soil  moisture  and  the  gaseous  phase  is  called  the  soil  air.  The  size  and  shape  of 
the  soil  particles  give  rise  to  pore  spaces  of  different  geometry.  These  pore  spaces 
are  filled  with  water  and  air  in  varying  proportions,  depending  on  the  amount  of 
moisture  present.  The  soil  texture,  soil  structure  and  hydraulic  conductivity  are 
important  properties,  which  influence  the  state  and  movement  of  water  in  the  soil. 

Mechanical  composition  of  a  soil  refers  to  its  solid  phase  composed  of  mineral 
fraction.  The  components  of  fine  earth  are  sand,  silt  and  clay.  The  size  limits  of 
the  soil  particle  fractions  have  been  established  by  various  national  and 
international  organizations.  The  classification  proposed  by  the  International  Soil 
Science  Society  (ISSS)  is  as  under. 

Fraction  Particle  diameter 

Gravel  >  2  mm 


Coarse  sand  0.2  to  2  mm 

Fine  sand  0.02  to  0.2  mm 

Silt  0.002  to  0.02  mm 

Clay  <  0.002  mm 

Soil  texture:  The  relative  proportion  of  sand,  silt  and  clay  determines  the  soil 
texture.  The  term  soil  texture  is  an  expression  of  the  predominant  size  or  size  range 
of  the  particles.  Fig  10.1.  presents  the  textural  classification  chart  for  12  textural 
classes. 
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Pf'Cenl  ' iy  weight  Sint 

Fig  10.1  Textural  triagle,  showing  the  percentages  of  clay,  silt  and  sand  in 

the  basic  soil  textural  classes 

Soil  structure:  The  arrangement  of  individual  soil  particles  with  respect  to  each 
other  into  a  pattern  is  called  soil  structure.  The  size  of  aggregates  is  a  valuable 
criterion  of  soil  structure.  Soil  structure  has  a  pronounced  effect  on  soil  properties, 
viz.,  erodibility,  porosity,  hydraulic  conductivity,  infiltration  and  water  holding 
capacity. 


Volume  Mass 

relations  relations 


Fig  10.2  Schematic  diagram  of  the  soil  as  three-phase  systems 


Soil  Moisture 


117 


Volume  and  Mass  Relationships  of  Soil  Constituents 

A  schematic  diagram  of  soil  which  represents  the  presence  of  the  three  phases 
and  their  volumes  helps  us  to  define  the  volume  and  mass  relationships  of  the 
three  soil  phases,  viz.,  solid,  water  and  air  (Fig  10.2). 

Referring  to  Fig  10.2,  let 

Ma  ,  Mass  of  air  (negligible); 

M  ,  Mass  of  water; 

M  ,  Mass  of  solid; 

M  ,  Total  mass  (M  +  M  +  M  ); 

l  ’  v  a  w  s7’ 

V  ,  Volume  of  air; 

V  ,  Volume  of  water; 

w  7  7 

V  ,  Volume  of  pores  (V  +  V  ); 

V  ,  Volume  of  solids  and 

V( ,  Total  volume  (Vf  +  Vs) 

Dry  bulk  density  (p  ):  The  dry  bulk  density  of  soil  is  defined  as  the  ratio  of 
mass  of  dried  particles  to  the  total  volume  of  soil  (including  particles  and  pores). 

p„  =Ms/V=Ms/(V+V+Vw)  ...(1) 

Wet  bulk  density  (p  t):  Wet  bulk  density  is  the  mass  of  moist  soil  per  unit 
volume: 

p ,  =  M/V,  =  (M  +Mw)/(V  +V  +VJ  ...  (2) 

Porosity  (n):  Porosity  can  be  defined  as  the  ratio  of  the  volume  of  pores  (voids) 
to  the  total  soil  volume. 

n  =  V/V,  =  (V+Vv)/(V+V+VJ  ...(3) 

Void  ratio  (e):  The  quantity  expressing  the  ratio  of  the  volume  of  pores  to  the 
volume  of  solids  is  termed  as  void  ratio  or  relative  porosity: 

e  =  v/v  =  (V  +vwyvs  ...  (4) 


Soil  Wetness 

The  term  soil  wetness  refers  to  the  relative  water  content  in  the  soil.  It  can  be 
expressed  in  the  following  ways. 

Mass  Wetness  (w):  It  is  the  ratio  of  mass  of  water  to  the  soil  and  is  often  referred 
to  as  the  'gravimetric  water  content'. 

w  =  M  /M  ...  (5) 

Mass  wetness  is  commonly  called  soil  moisture  content  and  is  expressed  as 
percentage  by  multiplying  the  above  ratio  by  100. 

Volume  wetness  fQ ):  The  relative  water  content  of  soil  is  expressed  on  volume 
basis  of  water  and  soil.  Volume  wetness  is  the  ratio  of  volume  of  water  to  the 
total  soil  volume. 

e=Vw/V,  =  Vw/(V+Vf)  ...(6) 
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It  is  also  called  volumetric  water  content  of  the  soil. 

Degree  of  saturation:  This  relationship  refers  to  the  volume  of  water  present 
in  the  total  pore  volume. 

Degree  of  saturation  =  (Vw/Vf)  =  (Vw/Va+Vw)  ...  (7) 

Kinds  of  Soil  Water 

When  water  is  added  to  a  dry  soil,  either  by  rain  or  irrigation,  it  is  distributed 
around  the  soil  particles,  where  it  is  held  by  adhesive  and  cohesive  forces.  It 
displaces  air  in  the  pore  spaces  and  eventually  fills  the  pores.  When  all  the  pores, 
large  and  small,  are  filled,  the  soil  is  said  to  be  saturated  and  at  its  maximum 
retentive  capacity. 

The  following  are  the  main  classes  of  soil  water. 

Hygroscopic  water:  Water  held  tightly  to  the  surface  of  soil  particles  by 
adsorption  forces.  It  is  also  known  as  water  of  adhesion. 

Capillaiy  water:  Water  held  by  forces  of  surface  tension  and  continuous  films 
around  soil  particles  and  in  the  capillary  spaces.  It  is  also  known  as  water  of 
cohesion. 

Gravitational  water:  Water  that  moves  freely  in  response  to  gravity  and  drains 
out  of  the  soil. 

Of  the  three  forms,  only  capillary  and  to  some  extent  gravitational  water  is 
available  to  plants.  Hygroscopic  water  is  not  available  to  plants.  The  gravitational 
water  is  held  in  the  soil  at  tensions  of  one-third  atmosphere  or  less  and  moves 
downward  in  response  to  gravity.  Capillary  water  is  held  between  tensions  of  1/ 
3  atm  and  3 1  atm.  However,  between  1 5  and  3 1  atm,  the  movement  of  capillary 
water  is  very  sluggish.  Hence,  water  at  the  tensions  beyond  15  atm  is  not  available 
to  the  plants. 

Soil  Moisture  Tension 

The  soil  moisture  tension  or  suction  is  a  measure  of  tenacity  with  which  water 
is  retained  in  the  soil.  It  shows  the  force  per  unit  area  that  must  be  exerted  to 
remove  water  from  the  soil.  It  is  usually  expressed  in  atmosphere  or  bar.  One 
atmosphere  is  equivalent  to  1036  cm  of  water  column  or  76.39  cm  of  mercury 
column. 

Energy  State  of  Soil  Water 

Since  the  movement  of  water  in  the  soil  is  quite  slow,  its  kinetic  energy,  which 
is  proportional  to  the  square  of  velocity,  is  negligible.  However,  the  potential 
energy,  which  is  due  to  position  or  internal  condition,  is  important  in  determining 
the  state  and  movement  of  water  in  the  soil.  Differences  in  a  potential  energy  of 
water  between  one  point  and  another  give  rise  to  the  tendency  of  water  to  flow 
within  the  soil.  Soil  water  moves  from  the  zone  of  higher  potential  energy  to  the 
zone  of  lower  potential  energy.  In  other  words  it  moves  constantly  in  the  direction 
of  decreasing  potential  energy.  A  knowledge  of  the  relative  energy  state  of  the 
soil  water  at  each  point  within  the  soil  can  allow  us  to  evaluate  the  force  acting 
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on  the  soil  water  in  all  directions,  and  to  determine  how  far  the  water  in  the  soil 
system  is  far  from  equilibrium. 

Soil  Water  Potential 

The  concept  of  soil  water  potential  is  a  criteria  for  this  energy.  It  expresses  the 
specific  potential  energy  of  soil  water  relative  to  that  of  water  in  standard  reference 
state.  The  standard  state  generally  used  is  that  of  a  hypothetical  reservoir  of  pure 
and  free  water,  at  atmospheric  pressure,  at  the  same  temperature  as  that  of  soil 
water,  and  at  a  given  and  constant  elevation. 

For  saturated  soils,  the  hydrostatic  pressure  is  greater  than  atmospheric.  Hence 
the  potential  of  soil  water  is  greater  than  that  of  reference  state  and  is  considered 
positive.  For  unsaturated  soils,  the  water  is  constrained  by  capillary  and  adsorptive 
forces;  hence  its  energy  potential  is  negative. 

Soil  Moisture  Characteristic  Curve 

In  a  saturated  soil,  the  hydrostatic  pressure  and  suction  (or  tension)  are  zero. 
If  a  slight  suction  is  applied  to  water  in  a  saturated  soil,  no  outflow  may  occur 
until,  as  suction  is  increased,  a  certain  critical  value  is  exceeded  at  which  the  largest 
pore  of  entry  begins  to  empty.  This  critical  suction  is  called  the  air-entry  suction. 

As  suction  is  further  increased,  more  water  is  drawn  out  of  the  soil  and  more 
of  the  relatively  large  pores,  will  empty  out.  A  gradual  increase  in  suction  will 
result  in  the  emptying  of  progressively  smaller  pores.  Increasing  suction  is  thus 
associated  with  decreasing  soil  wetness.  The  amount  of  water  remaining  in  the 


Fig  1  U.J  lypicai  son  moisture  cnaracteristic  curves  tor  clayey  and  sandy  soils. 
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soil  at  equilibrium  is  a  function  of  matric  suction.  This  function  is  usually  measured 
experimentally,  and  is  represented  graphically  by  a  curve,  known  as  ’soil  moisture 
retention  curve'  or  'soil  moisture  characteristic  curve'  (  Fig  10.3  ). 

Soil  moisture  characteristic  curve  is  strongly  affected  by  soil  texture.  The  greater 
the  clay  content,  in  general,  the  greater  the  water  content  at  any  particular  suction. 

Hysteresis 

The  relation  between  the  matric  suction  and  soil  wetness  is  not  generally  a 
unique  and  single  valued  one.  This  relation  can  be  obtained  in  two  ways. 

Desorption:  It  can  be  obtained  by  taking  an  initially  saturated  soil  sample  and 
applying  increasing  suction  to  gradually  dry  the  soil  while  taking  successive 
measurements  of  water  content  at  any  suction. 

Sorption:  It  can  be  obtained  by  gradually  wetting  up  initially  dry  soil  sample 
while  reducing  the  suction. 

Each  of  these  two  methods  yields  a  continuous  curve,  but  the  two  curves  will 
in  general  not  be  identical.  The  equilibrium  soil  wetness  at  a  given  suction  is  greater 
in  desorption  (drying)  than  in  sorption  (wetting).  This  dependence  of  the 
equilibrium  content  and  state  of  soil  water  upon  the  direction  of  the  process 
leading  up  to  it  is  known  as  hysteresis  (Fig  10.4). 


Fig  10.4  The  suction-water-content  curves  in  sorption  and  desorption. 

The  inter-mediate  loops  are  scanning  curves,  indicating  transitions  between  the  main 

branches. 
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The  two  complete  characteristic  curves,  from  saturation  to  dryness  (desorption) 
and  vice  versa  (sorption)  are  called  main  branches  of  hysteresis.  When  a  partially 
wetted  soil  commences  to  drain,  or  when  a  partially  desorbed  soil  is  rewetted,  the 
relation  of  suction  to  moisture  content  follows  some  intermediate  curves  as  it 
moves  from  one  branch  to  another.  Such  intermediate  spures  are  called  scanning 
curves.  Cyclic  changes  often  entail  wetting  and  drying  scanning  curves,  which 
may  form  loops  between  the  main  branches. 

Soil  Moisture  Constants 

Plants  require  adequate  moisture  constantly  within  the  root  zone  from 
germination  to  maturity.  A  proper  moisture  balance  has  to  be  maintained  for 
unretarded  growth  and  development  of  plants  at  various  stages.  Hence,  certain 
soil  moisture  contents  are  of  particular  significance  in  agriculture  and  are  often 
called  'soil  moisture  constants'.  These  soil  moisture  constants  are  explained  below. 

Saturation  capacity:  When  all  the  pores  of  the  soil  are  filled  with  water,  the 
soil  is  said  to  be  under  saturation  capacity  or  maximum  water  holding  capacity. 
The  tension  of  water  at  saturation  capacity  is  almost  zero. 

Field  capacity  (FC):  The  field  capacity  of  the  soil  is  the  moisture  content 
after  all  the  gravitational  water  is  drained  and  the  moisture  content  has  become 
relatively  stable.  This  situation  usually  exists  two  to  three  days  after  the  soil  has 
been  thoroughly  wetted  by  rainfall  or  irrigation.  The  field  capacity  is  the  upper 
limit  of  available  moisture  range  in  soil  moisture  and  plant  relations.  The  soil 
moisture  tension  at  field  capacity  varies  from  soil  to  soil,  but  usually  it  is 
considered  around  1/3  atmosphere. 

Permanent  wilting  point  (PWP):  It  is  the  soil  moisture  content  at  which  plants 
can  no  longer  obtain  enough  moisture  to  meet  transpiration  requirements,  remain 
wilted  and  their  growth  ceases.  At  the  permanent  wilting  point  the  films  of  water 
around  the  soil  particles  are  held  so  tightly  that  roots  in  contact  with  the  soil 
cannot  remove  water  at  a  sufficient  rate  to  meet  the  demand.  Hence,  the  plant  is 
wilted.  The  permanent  wilting  point  is  the  lower  limit  of  available  moisture  range 
in  soil  moisture  and  plant  relations.  The  soil  moisture  tension  at  permanent  wilting 
point  is  about  15  atmospheres. 

Available  water :  Soil  moisture  between  field  capacity  and  permanent- wilting 
point  is  referred  to  as  readily  available  water.  It  is,  the  moisture  available  for  plant 
use.  It  is  generally  reported  that  the  water  depletion  within  this  broadly  accepted 
available  range  need  not  be  beyond  50%  for  most  of  the  crops  for  obtaining  water 
at  fairly  sufficient  rate.  In  general,  fine-textured  soils  have  a  wide  range  of  water 
between  field  capacity  and  permanent  wilting  point  than  coarse  textured  soils. 

Moisture  Stress 

Plant  water  relations  consist  of  a  group  of  interrelated  and  interdependent 
processes.  The  internal  water  balance  of  a  plant  depends  on  the  relative  rates  of 
water  absorption  and  water  loss,  and  is  affected  by  complex  of  atmosphere,  soil 
and  plant  factors  that  modify  the  rates  of  absorption  and  transpiration.  Water 
moves  in  response  to  a  potential  gradient.  Conditions  are  often  such  that  the  rate 
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of  water  loss  exceeds  the  rate  of  water  absorption,  causing  internal  water  deficit 
to  develop  in  the  plant.  It  is  this  internal  water  deficit  that  is  directly  responsible 
for  the  reduction  in  growth  and  yield  of  the  crop  under  prevailing  conditions. 

The  yield  of  a  crop  is  the  integrated  result  of  a  number  of  physiological 
processes.  Water  stress  can  affect  photosynthesis  and  respiration.  It  causes 
reduction  in  leaf  area,  cell  size  and  intercellular  volume.  Water  stress  at  certain 
critical  stages  of  plant  growth  causes  more  injury  than  other  stages. 

Methods  of  Soil  Moisture  Measurement 

There  are  two  types  of  methods,  viz.  direct  and  indirect. 

Direct  or  gravimetric  method:  In  this  widely  used  method,  samples  of  soils 
collected  from  selected  fields  and  required  depths  are  weighed  before  and  after 
drying  in  an  oven  and  the  loss  of  weight  is  determined.  This  gives  the  weight  of 
moisture  in  the  soil  and  is  expressed  as  a  percentage  of  weight  of  dry  soil. 

The  equipments  required  are:  soil  augur  (slit  type  or  screw  type),  aluminium 
pots,  balance,  oven  and  a  desiccator  for  cooling. 

Care  to  be  taken  while  collecting  the  soil  samples  : 

1.  See  that  no  pebbles  are  present  in  the  soil  samples. 

Transfer  the  sample  immediately  to  aluminium  pot. 

2.  After  putting  the  sample,  the  aluminium  pot  should  be  immediately  closed. 

3.  The  pots  should  not  be  exposed  to  sun  while  other  samples  are  being 
collected.  Keep  them  in  shade. 

4.  After  all  the  samples  are  collected,  they  should  be  weighed  immediately. 


Determination  of  Moisture  Percentage 

1.  Weighed  samples  are  kept  for  drying  at  105  °C  for  about  48  to  72  hr  in  oven. 

2.  Weights  of  dried  samples  are  taken  untill  it  becomes  constant. 

3.  The  dried  sample  must  be  cooled  down  before  taking  weight. 

From  the  records,  the  moisture  percentage  is  computed  as  under  : 

Weight  of  empty  pot  =  W1 

Weight  of  pot  +  Wet  sample  =  W2 

Weight  of  pot  +  dry  sample  =  W3 

Weight  of  moisture  lost  =  (W2  -  W3) 


Soil  moisture  content  = 


W  eight  of  moisture  lost 
Weight  of  dried  sample 


x  100 


...  (8) 


(W2-W3) 

(W3-W1) 


x  100 


In  soil  plant  water  relationships,  it  is  usually  convenient  to  express  soil  moisture 
on  volumetric  basis. 
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Soil  moisture  content  =  Soil  moisture  content  x  bulk  density 
(Per  cent  by  Volume)  (Per  cent  by  Weight) 

The  per  cent  by  volume  of  moisture  content  obtained  as  above  is  numerically 
equal  to  cm  of  water  per  meter  depth  of  soil. 

Indirect  methods:  They  are  based  on  either  of  the  following  two  principles. 

1.  Properties  of  a  porous  object  inserted  in  the  soil  are  monitored  to  estimate 
water  content  of  soil  e.g.  Tensiometer  and  Electrical  Resistance  method. 

2.  Some  physical  or  chemical  properties  of  soils  are  monitored,  which  vary  with 
moisture  content  of  soil  e.g.  Neutron  Probe. 

1.  Tensiometer  method:  This  method  is  based  on  principle  that  the  capillary 
tension  increases  with  decrease  in  moisture  content.  A  tensiometer  consists  of  a 
porous  cup  filled  with  water  embedded  in  the  soil.  It  is  connected  through  a 
tube  to  a  pressure-measuring  device  (mercury  manometer  or  vacuum  guage)  above 
the  soil  surface  (Fig  10.5). 
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Fig  10.5  Tensiometer. 
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Sometime  after  the  tensiometer  is  installed  in  the  soil,  the  water  in  the  porous 
cup  comes  in  equilibrium  with  the  moisture  in  the  surrounding  soil.  As  the  soil 
moisture  decreases,  the  soil  dries  and  the  water  begins  to  flow  out  of  the  cup. 
The  vacuum  created  in  the  cup  due  to  water  suction  by  the  soil  is  registered  on 
the  manometer.  When  the  soil  moisture  increases  again,  water  flows  into  the  cup 
decreasing  the  tension  thereby.  In  this  way,  the  changes  in  the  tension  reflect 
the  changes  in  the  soil  moisture  surrounding  the  cup. 

As  each  tensiometer  measures  the  soil  moisture  at  one  soil  depth,  a  set  of 
tensiometers  are  to  be  embedded  in  the  soil  at  different  depths  for  measurement 
of  soil  moisture  profile  in  one  replication. 


Soil  moisture  (%) 


Fig  10.6  Calibration  curve  of  a  tensiometer  in  a  sandy  loam  soil. 

The  tension  units  are  converted  into  soil  moisture  percentages  by  calibration 
process.  An  ideal  calibration  curve  is  shown  in  Fig.  10.6. 

Limitations.  This  instrument  works  satisfactorily  at  high  soil  moisture  content 
(at  field  capacity  or  slightly  below  it).  However,  at  low  moisture  contents  tension 
increases  and  air  enters  the  system  through  the  pores  of  the  cup.  The  instrument 
also  suffers  from  time-lag  in  response  to  soil  moisture  changes,  sometimes  as  long 
as  8-10  hrs.  Due  to  hysteresis  effect  the  calibration  curve  of  the  soil  that  dries 
up  is  different  from  the  curve  of  the  same  soil  when  it  is  wet. 
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2.  Electrical  resistance  method:  Principle:  This  is  based  on  the  principle  tha: 
the  electrical  resistance  increases  with  decrease  in  moisture  content. 

Devices  used:  Porous  blocks  containing  electrodes  are  embedded  in  the  soil 
These  blocks  are  rectangular  or  cylindrical  in  shape  and  are  several  cm  in  size 
They  are  usually  made  of  gypsum,  fiberglass,  plaster  of  paris  etc.  The  electrode 
system  usually  consists  of  two  wires  which  are  fixed  one  or  two  cm  apart  in  the 
porous  block  (Fig.  10.7).  Wheatstone  electrical  bridge  for  measuring  high  to  very 

(-) 


Electrode 
Gypsum  block 


Fig  10.7  Porous  block  with  electrodes 

high  values  of  electrical  resistance  is  used  so  that  the  instrument  can  work  over 
a  wide  range  of  soil  moisture  starting  with  field  capacity  and  ending  upto  wilting 
point. 

Working:  After  being  in  the  soil  for  sometime,  equilibrium  is  reached  between 
the  water  content  of  the  porous  block  and  that  of  the  surrounding  soil.  As  the 
soil  moisture  increases  or  decreases,  the  water  content  of  the  block  also  increases 
or  decreases  correspondingly.  Change  in  the  water  content  of  the  block  influences 
the  electrical  conductivity.  Higher  water  content  leads  to  higher  conductivity  or 
lower  electrical  resistance  and  vice  versa.  By  passing  an  electrical  current  through 
the  electrodes,  we  can  measure  the  resistance  of  the  block  and  thus  estimate  the 
soil  moisture.  Porous  blocks  are  embedded  in  the  soil  simultaneously  at  various 
depths. 

The  relationship  between  electrical  resistance  and  soil  moisture  is  expressed 
quantitatively  by  calibration  process. 

Suitability:  As  freezing  causes  a  marked  increase  in  resistance,  this  method  is 
not  suitable  for  soils  with  freezing  temperatures.  The  readings  are  affected  by 
salinity  content  of  the  soil  (resistance  drops  with  increase  in  salinity).  Therefore, 
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this  method  is  not  suitable  for  soils  having  high  salinity. 

3.  Neutron  probe  method  :  Principle  :  Hydrogen  atoms  have  the  property  of 
slowing  down  the  speed  of  fast  moving  neutrons.  If  a  radioactive  source  of  fast 
neutrons  is  placed  in  the  soil,  fast  neutrons  will  be  emitted  into  surrounding  soil. 
Hydrogen  nuclei  contained  in  water  molecules  of  soil,  will  tend  to  slow  down 
these  neutrons,  to  thermal  velocities  by  collision.  Hence,  the  greater  the  water 
content  of  soil,  the  more  is  the  number  of  neutrons,  which  will  be  slowed  down 
and  vice  versa.  The  number  of  slow  neutrons  counted  at  various  depths,  is  used 
to  estimate  the  amount  of  soil  moisture  present. 


Fig  10.8  Neutron  probe 


Components  and  their  working:  The  major  components  of  the  neutron  probe 
are  a  probe,  probe  carrier,  rate  scaler  and  connecting  cable  (Fig  10.8). 

Probe  carrier:  It  is  made  up  of  PVC  pipe  which  holds  the  probe  inside  and  the 
rate  scaler  at  the  top.  It  has  a  socket  at  its  base  through  which  it  is  fitted  on  the 
access  tube  so  that  the  probe  may  be  lowered  directly  from  the  carrier  into  the 
tube. 

Probe:  It  consists  of  a  stainless  steel  cylinder  of  the  size  of  38  mm  in  diameter 
and  750  mm  in  length.  The  cylinder  is  marked  with  a  line  at  mid  plane  of  the 
source. 
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Source:  Probe  contains  source  of  fast  neutrons  i.e.  Americium-241  and 
Beryllium-9.  Americium-241  has  a  half  life  of  458  years.  It  emits  alpha  particles 
and  low  energy  gamma  radiation.  The  alpha  particles  are  absorbed  by  beryllium- 
9  and  it  then  emits  fast  neutrons  with  a  spectrum  of  energies  ranging  up  to  11 
Mega  electron  volts. 

Detector:  The  detector  must  respond  as  efficiently  as  possible  to  the  thermal 
neutrons  while  ignoring  fast  neutrons  and  other  radiations.  The  most  commonly 
used  detector  is  the  Boron  Trifluoride  (BF3)  proportional  counter.  In  this  detector 
boron- 1 0  absorbs  neutrons  in  the  thermal  energy  range  and  then  emits  an  alpha 
particle  as  it  decays  to  Lithium-7.  The  positively  charged  alpha  particle  produces 
a  pulse  of  current  through  the  counter  tube,  the  electronic  circuitry  distinguishes 
this  comparatively  large  pulse  from  the  much  lower  amplitude  pulses  from  the 
gama  radiation. 

Rate  scaler:  It  is  a  short  computing  unit  attached  through  hinges  to  the  upper 
end  of  the  carrier.  It  can  be  detached  when  not  in  use.  The  rate  scaler  is  connected 
to  the  cable  by  a  socket  provided  at  its  base.  Rate  scaler  performs  and  displays 
calculations.  It  also  stores  data  and  software.  The  liquid  crystal  displays  mean 
count  rate  at  the  conclusion  of  present  counting  time,  in  counts  per  second. 

Connecting  cable:  It  connects  the  rate  scaler  to  the  probe.  It  is  5  meter  long 
cable  and  allows  soil  moisture  monitoring  up  to  the  depth  of  4  meter.  When  the 
probe  is  lowered  in  the  access  tube,  the  monitoring  cable  operates  depth  counter 
and  the  clamping  of  cable  holds  probe.  Probe  operates  with  an  input  supply  of  13 
V  acting  through  the  cable  and  1 1  V  pulses  are  returned  to  the  rate  scaler  through 
the  same  cable. 

Access  tube:  The  size  and  material  of  access  tube  is  determined  by  the  diameter 
of  probe  and  the  presence  of  corrosive  substances  in  the  soil.  Aluminium  tubing 
is  generally  preferred  as  it  is  transparent  to  neutrons  and  does  not  affect 
sensitivity.  Mild  steel  and  stainless  steel  tubes  can  also  be  used.  Generally  PVC 
pipes  are  not  used.  The  diameter  of  tube  should  be  such  that  there  is  gap  of  1.5 
to  4  mm  between  probe  and  tube.  As  the  probe  diameter  is  38  mm,  the  tube  diameter 
is  selected  about  45  -  50  mm.  Bottom  of  access  tube  is  sealed  water  tight  with 
rubber  plug  and  araldite.  The  top  of  access  tube  may  be  10-15  cm  above  ground. 
A  cap  is  fitted  at  the  top  to  prevent  rain  water  from  entering  inside  the  tube.  While 
taking  reading,  cap  can  be  removed. 

Operation:  When  the  probe  is  lowered  in  the  access  tube  at  a  desired  depth, 
fast  neutron  source  Americium  -  Beryllium  emits  fast  neutrons  in  the  soil.  The 
neutrons  collide  with  the  hydrogen  atoms  present  in  soil  water  and  gets  scattered. 
The  cloud  of  thermal  neutrons  is  generated  within  the  soil  around  the  probe.  The 
density  of  cloud  is  largely  a  function  of  water  content  of  soil.  The  density  of 
cloud  of  thermal  neutrons  is  sensed  by  BF3  in  the  probe.  The  electrical  pulse 
produced  by  BF3  is  amplified  and  transmitted  to  the  rate  scaler  through  the  cable. 
The  rate  scaler  displays  the  pulses  in  terms  of  counts  per  second.  These  counts 
per  second  are  subsequently  converted  into  volumetric  soil  water  with  the  help 
of  given  equations.  Generally,  at  each  depth  it  is  desirable  to  take  3  to  5  readings 
of  counts  per  second  to  get  average  value. 
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Precaution:  As  the  sphere  of  influence  of  the  instrument  has  the  diameter  of 
30  cm,  the  observations  at  shallow  depths  less  than  15  cm  should  not  be  taken 
with  neutron  probe.  It  is  advisable  to  take  the  readings  for  the  depths  usually 
more  than  30  cm. 

Calibration:  The  count  rate  of  the  probe  is  proportional  to  the  volumetric  water 
content  of  the  soil.  Some  of  the  elements  in  the  soil  matrix  have  some  scattering 
and  absorbing  properties  for  neutrons,  which  cannot  be  ignored.  Hence,  it 
becomes  necessary  for  every  soil  to  calibrate  the  neutron  probe  before  use.  The 
field  calibration  is  done  by  comparing  neutron  count  rate  (cps)  with  volumetric 
water  content.  The  volumetric  water  content  is  obtained  gravimetrically  by  taking 
soil  samples  on  the  periphery  of  about  30  to  50  cm  radius  from  the  access  tube  at 
different  depths. 

One  such  calibration  was  done  at  the  experimental  field  of  CASAM,  College 
of  Agriculture,  Pune  for  DIDCOT  make  neutron  probe  model  No.  IH-III.  The 
neutron  probe  observations  were  recorded  at  five  different  depths  namely  30,  45, 
60,  75,  and  90  cm  at  4-5  days  intervals.  Simultaneously,  for  each  depth,  the  soil 
samples  were  collected  at  the  periphery  of  50  cm  from  the  access  tube  by  using 


Fig  10.9  Calibration  curve  for  neutron  probe. 

soil  auger  and  their  soil  moisture  contents  were  determined  by  gravimetric  method 
and  converted  to  volumetric.  Measurements  were  made  on  seven  different  dates 
at  five  different  depths,  yielding  35  number  of  total  measurements.  These  were 
reduced  to  20  data  points  for  analysis.  Count  rate  (R)  measured  in  soil  were 
normalized  (R/Rvv )  using  standard  counts  of  (RJ  950  cps  in  water  and  soil  moisture 
was  considered  as  moisture  volume  fraction  (mvf).  Fig  10.9  shows  the  calibration 
curve  for  these  data  points. 
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The  relationship  obtained  was: 

Y  =  0.6172  X  + 0.0274  ...(11) 

where  Y,  Soil  moisture  volume  fraction; 

X,  (R/Rw  )  normalized  count  rate; 

R,  actual  count  rate  and 
Rw,  water  count  rate  (950) 
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QUESTIONS 

1.  Define  the  following. 

1.  Saturation  capacity 

2.  Field  capacity 

3.  Permanent  wilting  point 

4.  Available  water 

2.  Explain  the  kinds  of  soil  water. 

3.  What  care  should  be  taken  while  collecting  the  soil  samples  for  soil  moisture 
measurements? 

4.  Explain  the  tensiometer  method  of  soil  moisture  measurement. 

5.  Explain  the  electrical  resistance  method  of  soil  moisture  measurement. 

6.  What  is  the  working  principle  of  neutron  probe? 

7.  What  are  different  components  of  neutron  probe?  Explain  their  working. 

8.  Explain  soil  moisture  characteristic  curve. 

9.  Write  short  note  on  hysteresis. 


11.  Evapotranspiration 

T.N.  BALASUBRAMANIAN  and  V.  GEETHALAKSHMI 

Evapotranspiration  is  a  bio  physical  process  and  this  happens  in  crop's  life 
cycle  from  germination  to  harvest.  The  components  evaporation  and  transpiration 
of  the  term  evapotranspiration  are  most  important  segments  of  hydrologic  cycle. 
Hence,  let  us  understand  the  hydrologic  cycle  of  nature  first,  so  as  to  know  the 
importance  of  evapotranspiration. 

Hydrologic  Cycle 

It  is  a  never  ending  process.  This  is  a  continuous  cycle.  The  main  source  of 
moisture  to  the  atmosphere  is  through  the  process  of  evaporation.  Around  99% 
of  the  moisture  to  the  atmosphere  is  derived  from  oceans  and  only  one  per  cent 
of  moisture  is  contributed  from  other  water  bodies  like  river,  lakes,  wells  etc.,  and 
also  from  moist  soil  and  plant  surfaces.  The  water  thus  evaporated,  form  clouds 
which  gives  rise  to  precipitation.  The  precipitation  water  is  mainly  disposed  off 
on  the  land  as  stream  flow  or  infiltration  into  the  ground  and  a  part  is  stored  as 
under  ground  water.  Again  from  the  land  and  water  bodies  evaporation  and 
evapotranspiration  occur  and  this  cycle  continues  forever  and  this  is  known  as 
hydrologic  cycle  and  presented  in  Fig.  11.1. 


Fig  11.1  Schematic  digram  of  the  average  annual  hydrologic  cycle  of  the 

earth  -  atmosphere  system 

Important  Technologies  and  their  Definition 

Latent  heat:  The  heat  released  or  absorbed  per  unit  mass  by  a  system  during 
change  of  phase.  In  meteorology  at  0°C  the  latent  heat  of  vapourization,  fusion 
and  sublimation  of  water  are  about  600,  80  and  680  calories  per  gram  respectively. 

Evaporation  (E):  This  is  the  phenomenon  in  which  volume  of  liquid  or  solid 
water  is  lost  to  atmosphere  from  a  water  body.  The  volume  evaporated  per  unit 


Evapotranspiration 


131 


area  in  a  unit  time  (mm  /  day)  is  defined  as  evaporation  rate. 

Pan  Evaporation  (E  pan):  Rate  of  water  loss  by  evaporation  from  an  open 
water  surface  of  a  pan  (mm  /  day). 

Evapotranspiration  (ET):  The  phenomenon  of  water  transfer  into  the 
atmosphere  both  by  evaporation  of  liquid  or  solid  water  from  the  surface  of  the 
earth  and  transpiration  from  the  plants  in  a  crop  canopy  (or)  rate  of  water  loss 
through  transpiration  from  vegetation  plus  evaporation  from  the  soil  (mm  /  day). 

Potential  evapotranspiration  (PET):  The  maximum  water  lost  through 
evaporation  from  wet  soil  and  transpiration  from  a  short  cut  grass,  covering 
ground  completely,  under  unlimited  water  supply.  In  other  words  it  is  the 
atmospheric  demand  of  a  particular  day. 

Reference  crop  evapotranspiration  (ET  ):  Rate  of  evapotranspiration  from 
an  extended  surface  of  8  -  15  cm  tall  green  grass  cover  of  uniform  height  actively 
growing,  completely  shading  the  ground  and  not  short  of  water  (mm  /  day). 

Actual  crop  evapotranspiration  (ETa  crop):  Rate  of  evapotranspiration  equal 
to  or  smaller  than  predicted  ET  crop  as  affected  by  a  level  of  available  soil  water, 
salinity,  field  size  or  other  causes  (mm  /  day) 

Consumptive  use  (CU):  The  sum  of  volume  of  water  taken  by  vegetation  for 
transpiration  and  evaporation  from  soil,  plus  water  used  by  the  plant  for  metabolic 
process  (mm  /  day). 

Transpiration  ratio:  The  effectiveness  of  the  plants  in  the  use  of  water  was 
often  given  in  terms  of  its  transpiration  ratio.  This  is  the  amount  of  water  transpired 
by  a  crop  in  its  growth  to  produce  unit  weight  of  dry  matter. 

Evaporation  (E) 

Evaporation  is  the  diffusive  process  during  which  a  liquid  changes  into  a  gas. 
It  is  the  physical  process  by  which  any  liquid  escapes  from  the  surface  into  the 
air  in  gaseous  state,  at  a  temperature  below  its  boiling  point.  The  process  of 
evaporation  of  water  in  nature  is  one  of  the  fundamental  components  of  the 
hydrologic  cycle  by  which  water  changes  into  vapour  through  the  absorption  of 
heat  energy.  This  is  the  only  form  of  moisture  transfer  from  land  and  ocean  into 
the  atmosphere. 

Main  natural  surfaces  which  take  part  in  hydrologic  cycle  through  this  process 
are  the  oceans,  lakes,  tanks,  ponds,  reservoirs,  orchards,  forests,  perennial 
vegetation,  bare  soil  surfaces  and  cropped  fields.  Evaporation  also  takes  place 
from  fresh  snow  and  ice  packs  by  the  process  of  sublimation,  however,  this  loss 
is  comparatively  small  and  main  loss  of  evaporation  occurs  after  snow  or  ice  melts. 

The  process  of  evaporation  involves  supply  of  energy  for  the  latent  heat  of 
vapourisation  and  transfer  process.  The  source  of  energy  for  evaporation  may 
be  the  solar  energy,  the  wind  blowing  over  the  surface  or  the  underlying  surface 
itself.  The  energy  required  for  evaporation,  regardless  of  the  surface  where 
evaporation  is  taking  place  is  590  calories  per  gram  of  water  evaporated  at  20  °C. 
Based  on  Dalton's  law  this  fundamental  principle  of  evaporation  from  a  free  surface 
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can  be  stated  as  follows: 

E  =  (VO  f(U)  -0) 

in  which,  E,  Evaporation 

e  ,  Saturation  vapour  pressure  at  the  temperatures  of  evaporating  surface 
expressed  in  mm  of  Hg;  ed;  Saturation  vapour  pressure  at  the  dew  point 
temperature  of  the  atmosphere  (mm  Hg);  f  (u),  function  of  wind  velocity. 

Factors  affecting  evaporation 

Evaporation  is  controlled  by  many  factors  and  the  important  factors  are  as 
follows: 

(a)  Energy  supply  -  to  provide  latent  heat  for  conversion  of  water  into  vapour 

(b)  Vapour  pressure  deficit  of  air  -  to  facilitate  the  escape  of  water  vapour  into 
air 

(c)  Degree  of  saturation  of  soil  surface 

(d)  Temperature  of  air  and  soil 

(e)  Humidity 

(f)  Wind  velocity  -  to  remove  water  vapour  from  the  evaporating  surface  and 
to  prevent  saturation  of  overlying  air 

(g)  Density  of  vegetative  cover 

Instruments  used  for  measuring  Evaporation 

Pan  evaporimeter:  Evaporation  provides  a  measurement  of  the  integrated 
effect  of  radiation,  wind,  temperature  and  humidity  on  evaporation  from  a  specific 
open  water  surface.  Factors  involved  in  prediction  of  lake  evaporation  using  pans 
is  discussed  by  C.E.  Hounam  (1973).  WMO  Note  126. 

From  the  many  different  types  of  pan  available  the  use  of  the  US  Class  A  open 
pan,  Colorado  sunken  pan  and  Piche  evaporimeter  are  presented  here.  To  relate 
pan  evaporation  (Epan)  to  reference  crop  ET  (ETo)  empirically  derived  coefficients 
(Kc)  are  given  which  take  into  account  of  climate  and  pan  environment.  If  measured 
data  from  other  type  of  sunken  pans  are  available,  such  data  should  first  be  related 
to  sunken  Colorado  pan  data. 

USWB  class  A  open  pan  evaporimeter :  The  class  A  evaporation  pan  is  circular, 
121  cm  in  diameter  and  25.5  cm  deep.  It  is  made  of  galvanized  iron  (22  gauge)  or 
monel  metal  (0.8  mm).  The  pan  is  mounted  on  a  wooden  open  frame  platform  with 
its  bottom  15  cm  above  ground  level.  (The  soil  is  built  up  to  5  cm  of  the  bottom 
of  the  pan).  The  pan  must  be  kept  leveled.  It  is  filled  with  water  5  cm  below  the 
rim,  and  water  level  should  not  drop  to  more  than  7.5  cm  below  the  rim.  Water  is 
regularly  renewed  to  eliminate  extreme  turbidity.  The  pan  if  galvanized  is  to  be 
painted  annually  with  aluminum  paint. 

Normally  four  situations  occur  in  the  class  A  open  pan  evaporimeter  while 
recording  evaporation.  They  are  listed  with  illustrations. 

Situation  1 .  Day  with  no  rainfall 

Under  this  situation  a  known  quantity  of  water  is  added  to  the  evaporimeter 
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to  bring  the  water  level  to  the  reference  point.  In  a  standard  condition,  if  one 
measuring  can  of  water  is  added  to  the  evaporimeter,  (20  cm  height  of  the  can) 
it  accounts  to  two  mm  of  water  evaporated. 

For  example:Water  added  to  the  evaporimeter  to  bring  the  level  to  reference 
point  =  3  cans 

Then,  evaporation  =3><2  =  6  mm  for  that  particular  day. 

Situation  2.  Day  with  light  rainfall  (day  with  rainfall  +  water  added  to  evaporimeter) 

If  there  is  any  rainfall,  the  evaporimeter  will  also  receive  the  rain  water,  since  it 
is  open.  Under  this  situation  the  water  added  through  rainfall  should  be 
accounted  for. 

For  example  :  Water  added  to  the  evaporimeter  to  bring  the  level  to  reference 
point  =  2  cans 

Rainfall  for  that  particular  day  =  2.5  mm 

Then,  evaporation  =  (2x2) +  2. 5  =  6.5  mm  for  that  particular  day. 

Situation  3.  Day  with  heavy  rainfall  (Day  when  water  is  removed  from  the 
evaporimeter  while  no  water  is  added  through  can) 

If  heavy  rainfall  is  received,  then  the  water  level  will  go  above  the  reference 
point.  Under  this  situation  a  known  quantity  of  water  has  to  be  removed  from 
the  evaporimeter  to  bring  down  the  water  level  to  the  reference  point. 

For  example: Water  removed  from  the  evaporimeter  to  bring  down  the  level  to 
reference  point  is  3  cans  ;  Rainfall  received  for  that  particular  day  =  12.5  mm 

Then,  evaporation  =  rainfall  -  water  removed  from  the  evaporimeter 

=  12.5  -  (3  x  2  )  =  12.5  -  6  =  6.5  mm  for  that  day. 

Situation  4.  Day  with  very  heavy  rainfall 

Under  this  situation  the  water  level  goes  beyond  the  capacity  of  the  pan  and 
overflow  occurs.  There  is  no  known  standard  method  is  available  to  measure 
the  evaporation  and  it  is  recorded  as  'OFF'.  Further  research  is  needed  on  this 
line  to  work  out  evaporation. 

Piche  evaporimeter:  Piche  evaporimeter  consists  of  a  graduated  tube,  30  cm 
long,  with  one  open  end  covered  by  a  drier  paper  held  in  place  by  a  metallic  device. 
The  tube  is  filled  with  water  and  turned  upside  down.  The  water  slowly  wets  the 
paper  and  evaporates.  Water  loss  is  read  on  the  tube,  as  a  measure  of  evaporation. 

Reduction  in  evaporation  losses 

A  steady  raise  in  population  especially  in  developing  countries,  constitute  a 
continuous  and  ever  increasing  stress  on  the  scarce  resource,  water.  One  is 
therefore  forced  to  have  a  closure  look  at  the  hydrologic  cycle  in  order  to  see,  if 
some  of  the  phases  could  be  modified  to  conserve  water.  For  reducing  evaporation 
from  reservoirs,  wind  breaking  vegetation  can  be  planted  around  the  reservoir 
area,  especially  upwind  of  the  most  prevalent  wind  direction.  The  shelter  belts 
not  only  slow  down  the  wind  passing  over  them,  but  also  enrich  them  with  the 
moisture  transpired  by  them.  This  combined  effect  can  reduce  evaporation  losses 


134 


Agricultural  Meteorology 


from  the  reservoir  on  the  down  wind  side  significantly. 

Shielding  the  water  surface  from  radiation  by  use  of  local  material  mounted  on 
truss  roofing  has  been  tried.  Increasing  the  reflection  of  radiation  by  covering 
the  water  surface  with  coloured  dyes  has  been  attempted.  However,  no  chemical 
method  seems  to  have  been  successfully  used  for  the  purpose  of  increasing  the 
albedo  of  natural  water  surfaces. 

Attempts  have  also  been  made  to  increase  the  reflection  of  radiation  by  physical 
methods  such  as  buoyant  plastic  sheets,  styro  foam  rafts  and  small  granular 
particles  of  polythene  beads,  water  repellent  sand,  hydrophobic  calcium  carbonate 
etc.  Of  these,  the  use  of  small  sized  granular  material  is  to  be  preferred. 

Spreading  of  oil  films  on  the  water  surface  to  reflect  away  a  greater  portion  of 
the  incident  radiation  and  to  provide  a  barrier  for  water  vapour  movement  from 
the  water  surface  to  the  over  lying  air  was  studied.  However,  oil  films  have  many 
other  disadvantages,  including  poor  conductance  of  oxygen  through  them,  which 
is  mostly  required  for  bio  organisms  living  in  the  water. 

Transpiration 

Transpiration  is  the  process  by  which  water  vapour  leaves  the  living  plant 
body  and  enters  the  atmosphere.  It  involves  continuous  movement  of  water  from 
the  soil  into  the  roots,  through  the  stem  and  out  through  the  leaves  to  the 
atmosphere.  Transpiration  is  basically  an  evaporation  process  with  resistance 
offered  by  the  plant  cells.  However,  unlike  evaporation  from  a  water  surface, 
transpiration  is  modified  by  plant  structure  and  stomatal  behaviour,  operating  in 
conjunction  with  the  physical  principles  governing  evaporation. 

Factors  affecting  transpiration:  The  rate  of  transpiration  depends  on 

a)  The  supply  of  energy  to  vapourise  water 

b)  The  water  vapour  pressure  or  concentration  gradient  in  the  atmosphere 
which  constitutes  the  driving  force 

c)  The  resistance  to  diffusion  in  the  vapour  pathway. 

d)  Climatic  factors  affecting  transpiration  are  light  intensity,  atmospheric 
vapour  pressure,  temperature  and  wind 

e)  The  soil  factors  are  those  governing  the  water  supply  to  the  root  zone  of 
crops  and  the  presence  of  sub-surface  water-table  or  impervious  layers, 
etc.,  if  any. 

f)  Plant  factors  include  the  extent  and  efficiency  of  root  system  in  moisture 
absorption,  the  leaf  area,  leaf  arrangement  and  structure  and  stomatal 
behaviour,  relative  distribution  of  stomata  on  the  upper  and  lower  surface 
of  the  leaves,  variation  in  stomatal  aperture  and  aerodynamic  roughness 
of  the  surface. 

Sophisticated  instruments  like  Steady  State  Porometer  is  used  presently  to 
measure  transpiration  at  field  level.  Lysimeters  can  also  be  used  to  measure  the 
transpiration,  by  using  some  barrier  to  cover  the  soil  surface  against  evaporation 
losses. 
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Evapotranspiration  (ET) 

The  combined  loss  of  water  from  the  plants  and  the  surrounding  soil  surface 
through  transpiration  and  evaporation  respectively  is  jointly  called  as 
evapotranspiration  (ET).  Consumptive  use,  denotes  the  quantity  of  water  lost 
through  ET  by  plants  during  their  growth  plus  moisture  used  for  metabolic 
activities  of  the  plants.  Consumptive  use  is  generally  taken  equivalent  to  ET  since, 
the  water  used  in  actual  metabolic  process  is  insignificant  (  <  1%  of  ET  ).  The 
factors  influencing  evapotranspiration  are: 

a)  Climate  (to  a  little  extent ),  b)  Water  quality  and  quantity  used,  c)  Planting 
time  d)  Variety  used,  e)  Soil  fertility,  f)  Plant  spacing,  and  e)  Use  of  various 
chemicals  as  inputs  against  weeds,  pest  and  diseases. 

Evapotranspiration  will  vary  from  location  to  location,  farm  to  fami,  season  to 
season,  day  to  day  variation  in  plant  growth  stages  and  also  due  to  weather 
variability. 

Measurement  of  Actual  Evapotranspiration 

Actual  ET  can  be  measured  by  the  following  five  methods; 

1.  Lysimeters,  2.  Field  experimental  plots,  3.  Soil  moisture  depletion  studies,  4. 
Water  balance  method,  and  5.  By  employing  Kc  value. 

Lysimeters:  For  proper  water  management  of  crops,  it  is  necessary  to  know, 
on  a  daily  basis,  the  return  flow  of  water  to  the  atmosphere  from  cropped  surfaces. 
Evapotranspiration  is  the  minimum  demand  that  has  to  be  met  with,  for  raising 
valuable  crops.  Once  we  know  the  quantum  of  ET  loss,  the  amount  of  irrigation 
water  that  is  to  be  applied  to  the  field  can  be  determined  from  the  knowledge  of 
the  application  efficiency  obtainable  under  the  local  conditions  of  soil  and  method 
of  irrigation. 

Lysimeters  (evapo-transpiration  meters)  are  tanks  filled  with  soil  in  which  crops 
are  grown  under  natural  conditions  to  measure  the  amount  of  water  lost  by 
evaporation  and  transpiration.  Lysimeter  is  the  best  and  most  convenient 
instrument  for  obtaining  ET  data  on  a  day  -  to  -  day  basis.  In  lysimetry  relating 
to  aerobic  crops  the  amount  of  moisture  gained  or  lost  by  a  suitable  enclosed 
volume  of  natural  soil  is  found  through  determination  of  the  weight  of  the  soil 
mass  at  the  beginning  and  at  the  end  of  a  time  interval. 

The  lysimeter  can  measure  either  evaporation  from  soil  surface  or  evapotrans¬ 
piration  from  crops  depending  on  whether  the  soil  block  and  its  surroundings  are 
kept  bare  or  are  cultivated.  For  realistic  results  the  lysimeters  have  to  be  placed 
in  the  midst  of  a  large  cropped  field.  The  plants  in  the  lysimeter  should  have 
growth  features  and  a  population  density  similar  to  the  field  plants  and  they  must 
form  continuous  rows  with  those  in  the  field.  The  soil  block  in  the  lysimeter  must 
be  sufficiently  large  to  support  a  fair  number  of  plants  and  must  be  deep  enough 
to  permit  normal  development  of  absorbing  roots.  The  lysimetric  soil  block  may 
be  an  undisturbed  core  of  soil  which  is  cut  from  the  same  field  and  enclosed 
suitably  in  a  container  (monolith  type),  or  the  soil  is  dug  out  from  the  field 
carefully,  layer  by  layer,  and  filled  into  the  experimental  tank  so  as  to  maintain  the 
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same  soil  profile  and  packing  as  in  the  field  (  filled  in  type).  The  lysimeter  should 
be  surrounded  by  an  appreciable  area,  planted,  fertilized,  watered  and  managed 
in  the  same  manner  as  in  the  lysimeter. 

Lysimeters  are  classified  as  mechanical,  electrical,  floating,  hydraulic,  buoyed 
base  and  volumetric  based  on  the  principle  used  in  determining  the  weight  of 
enclosed  mass  of  soil. 


Example  to  calculate  ET  in  different  situations  (Lysimeter) 


Situation 

Date 

Soil  tank 
weight  in 
kg. 

Change  in 
weight  in 

j^g  *  * 

Rainfall 

(mm) 

ET  =  (Col. 4 
x  0.6+Col 
5)  in  mm 

Day  with  no 
rainfall 

15.08.98  -  7  am 

1 6.08.98  -  7  am 

1870.0 

1866.0 

4.0 

0.0 

2.4 

Day  when 
weight  decreased 
inspite  of  rain 

19.08.98  -  7  am 
20.08.98  -  7  am 

1863.0 

1861.0 

2.0 

2.5 

3.7 

Day  when 
weight  increased 
due  to  rain 

20.08.98  -  7  am 
21.08.98  -  7  am 

1861.0 

1873.0 

R12.0 

10.0 

2.8 

**  A  loss  in  weight  is  taken  as  +ve;  A  gain  in  weight  is  taken  as  -ve 


Field  experimental  plot:  In  this  method,  the  seasonal  water  requirements  are 
computed  by  adding  measured  quantities  of  irrigation  water,  the  effective  rainfall 
received  during  the  crop  period  and  the  contribution  of  moisture  from  the 
soil. Though  this  method  is  satisfactory  for  computing  seasonal  water  requirement 
it  does  not  provide  information  on  intermediate  soil  moisture  levels. 

Soil  moisture  depletion  studies:  Observing  changes  in  soil  water  over  a  period 
of  time  is  one  way  of  determining  ET  under  field  condition.  This  method  is  usually 
employed  on  fairly  uniform  soils  when  the  depth  to  the  ground  water  is  such  that 
it  will  not  influence  the  soil  moisture  fluctuation  within  the  root  zones.  The  soil 
is  usually  sampled  for  moisture  condition  two  to  three  days  after  an  irrigation 
and  again  7-15  days  later  or  just  before  the  next  irrigation  from  different  depths 
across  growth  period.  Greater  the  number  of  observations,  more  is  the  precision. 

Water  balance  method:  This  method  indicates  the  inflow  and  outflow  of  water 
over  larger  areas  (Water  shed)  over  long  period.  In  a  simple  language,  it  is  expressed 
as  follows: 

Precipitation  =  ET  +  Surface  runoff  +  subsurface  drainage  +  change  in  soil  - 
water  content 

In  this  method  adequate  measurement  of  all  factors  are  necessary,  except  ET. 
Both  crop  specific  and  non-crop  specific  general  water  balance  models  are 
available  in  the  literature.  Amongst  them,  Thomthwaite  water  balance,  Keig  and 
Me  Alpine  (1969),  Frere  and  Popov  (1979)  water  balance  models  are  commonly 
used. 
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Among  the  above  water  balance  methods,  Frere  and  Popov  (1979)  method  can 
be  used  for  any  crop,  since  it  is  crop  oriented  model.  Sahu  et  al.  (1994)  studied 
for  groundnut  crop  by  using  this  method  under  rainfed  conditions  in  the  semi 
arid  regions  of  South  Sourashtra  of  Gujarat.  The  Water  Requirement  Satisfaction 
Index  (WRSI)  was  computed  by  taking  into  account  rainfall  of  standard  weeks  of 
the  growing  period  of  groundnut. 

Crop  coefficient  (Kc  value)  given  by  Doorenbos  and  Kassam  (1986)  were  used 
to  estimate  water  requirement  of  crops  on  weekly  basis.  The  16  week  period 
groundnut  crop  is  considered  to  be  in  germination  and  flowering  phase  for  5  weeks 
(PI),  pegging  for  4  weeks  (P2),  pod  development  for  3  weeks  (P3)  and  pod  filling 
and  maturity  for  4  weeks  (P4)  respectively  from  the  commencement  of  the  sowing 
week. 


Weekly  water  balance  and  water  requirement  satisfaction  index  (WRSI) 
computations  were  carried  out  using  the  cumulative  crop  water  balance  model  of 
Frere  and  Popov  (1979).  Sample  illustration  is  given  below: 


Sample 

work  sheet  of  Frere 

and  Popov 

model  (Ground  field 

capacity 

:  100  mm) 

WK 

RF 

(mm) 

Kc  value 

for 

groundnut 

RAD 

(PET) 

(mm) 

WR  RF-WR 

RS 

S/D 

WRSI 

28 

40 

0.40 

30.8 

12 

28 

28 

0 

100 

29 

75 

0.40 

30.8 

12 

63 

90 

0 

100 

30 

30 

0.40 

33.6 

13 

17 

100 

7 

100 

31 

82 

0.40 

29.4 

112 

70 

100 

40 

100 

32 

19 

0.40 

31.5 

13 

6 

100 

6 

100 

33 

19 

0.70 

30.8 

22 

-3 

97 

0 

100 

34 

15 

0.70 

32.0 

23 

-8 

89 

0 

100 

35 

3 

0.70 

39.9 

23 

-25 

64 

0 

100 

36 

5 

0.70 

35.0 

25 

-20 

45 

0 

100 

37 

10 

0.85 

34.3 

29 

-19 

26 

0 

100 

38 

17 

0.85 

35.7 

30 

-13 

12 

0 

100 

39 

0 

0.85 

42.0 

36 

-36 

0 

-23 

94 

40 

0 

0.65 

34.3 

22 

-22 

0 

-22 

88 

41 

0 

0.65 

39.9 

26 

-26 

0 

-26 

81 

42 

0 

0.65 

43.4 

28 

-28 

0 

-28 

73 

43 

0 

0.65 

44.4 

29 

-29 

0 

-29 

65 

Total 

315 

568.4 

360 

Note:  WK,  week  number;  RF,  rainfall;  Kc,  Crop  coefficient;  RAD,  Reference 
evaporation  by  radiation  method;  RS,  soil  moisture  storage;  RF-WR,  rainfall  minus 
water  requirement;  SD,  storage  for  positive  values,  Deficit  for  negative  values 
WRSI,  Water  requirement  satisfaction  Index  (per  cent). 

The  WRSI  (in  terms  of  percentage),  indicates  the  extent  to  which  the  water 
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requirement  (WR)  of  a  crop  have  been  satisfied  in  a  cumulative  way  at  any  stage 
of  its  growth  cycle.  The  index  is  assumed  to  be  100  at  the  time  of  sowing  and 
continues  to  remain  at  100  for  the  successive  weeks  until  the  occurrence  of  water 
deficit.  If  a  deficit  occurs,  then  the  percentage  ratio  of  water  deficit  (WD)  and  the 
total  water  requirement  of  the  crop  is  calculated  and  subtracted  from  the  index 
value  obtained  at  the  end  of  the  preceding  week. 

By  employing  Kc  value :  Many  methods  have  been  developed  over  the  years 
to  estimate  ET.  Doorenbos  and  Pruitt  (1975)  has  given  the  present  state  of  the  art 
using  the  following  crop  co-efficient  approach. 

ET  =  Kc  x  PET  ...  (2) 

where  Kc,  crop  coefficient,  PET;  potential  evapotranspiration 

The  value  of  Kc  is  dependent  on  the  kind  of  crop  as  well  as  local  climatic  and 
irrigation  management  conditions.  Corrections  are  also  made  for  limited  soil 
moisture  Kc  value  differs  between  crops  and  also  between  stages  of  the  same 
crop.  PET  can  be  computed  by  any  standard  method  as  given  else  where.  The 
information  of  Kc  values  of  crop  is  given  in  Annexure  I. 

Reduction  of  evapotranspiration  losses :  To  minimize  water  losses  due  to 
evaporation  from  soil  surfaces  of  fields,  mulches  can  be  practiced.  Using 
appropriate  antitranspirents  against  transpiration  is  recommended.  A  continuous 
search  for  improved  varieties  which  give  higher  yield  with  less  consumption  of 
water  as  possible  and  the  devising  of  hardening  treatments  for  plants  so  that 
they  can  grow  under  moisture  stress  are  in  evidence. 

/ 

Potential  Evapotranspiration  (PET) 

PET  according  to  Thomthwaite  (1948)  is  the  ET  from  a  large  vegetation  covered 
land  surface  with  adequate  moisture  at  all  times,  and  the  PET  solely  depends  on 
the  available  energy,  since  the  moisture  supply  is  not  restricted. 

Penman  (1947)  defined  PET  as  the  ET  from  an  actively  growing  short  green 
vegetation  completely  shading  the  ground  and  never  short  of  moisture  availability. 
Though  Penman's  definition  specifies  the  important  characteristics  of  reference 
vegetation,  it  does  not  specifies  the  name  of  the  vegetation. 

Jensen  (1968)  assumed  PET  as  the  upper  limit  of  ET  that  would  occur  with  a 
well  watered  agricultural  crop  having  an  aerodynamically  rough  surface  such  as 
lucem  with  30  to  50  cm  of  top  growth. 

In  general,  PET  may  be  defined  as  the  maximum  ET  that  occurs  when  the  ground 
is  completely  covered  by  actively  growing  vegetation  and  where  there  is  no 
limitation  for  soil  moisture.  It  may  be  considered  to  be  the  upper  limit  of  ET  for 
a  crop  in  a  given  climate. 

Recommended  relationship:  Reference  crop  evapotranspiration  (ETo)  can  be 
obtained  from  pan  evaporimeter  reading 

ETq  =  Kp  .  E  pan  ...  (3) 

where,  E  pan,  pan  evaporation  in  mm  /  day  and  represents  the  mean  daily  value 
of  the  period  considered;  Kp,  pan  coefficient  (It  differs  with  RH,  wind  speed;  refer 


Evapotranspiration 


139 


FAO  24  bulletin). 


Computation  of  Potential  Evapotranspiration 

Climatological  approaches:  Computation  of  PET  for  a  given  climate  is 
essentially  required  to  arrive  a  meaningful  and  scientific  conclusion  before  taking 
any  agricultural  decision.  PET  can  be  computed  through  climatological  approaches 
i.e.,  by  using  the  readings  of  past  climatic  parameters,  many  methods  are  available 
in  the  literature,  which  varied  due  to  factors  of  weather  used.  Commonly  available 
are  presented  below  with  illustrations. 

1.  Thornthwaite  Formula  (1948) 

e  =  1.6  (  10  t  / 1  ) a  ...(4) 

where,  e  =  unadjusted  PET  (  cm  /  month  ) 

t  =  Mean  air  temperature  ( °C  )for  the  concerned  month 

I  =  Annual  or  seasonal  heat  Index  (i.e.),  the  summation  of  12  values 
of  monthly  heat  indices  (i)  when  i  =  ( t  /  5  )  1.5 14 

a  =  an  empirical  exponent  computed  by  the  equation 

a  =  0.000000657  I3  -  0.0000771  12  +  0.01792  I  +  0.49239 

The  factor  e  is  an  unadjusted  value  based  on  a  12  hour  day  and  30  day  month. 
It  is  corrected  by  actual  day  length  in  hours,  h,  and  days  in  a  month  M,  to  get  the 
adjusted  PET. 

For  daily  computation,  the  formula  is  modified  as  under  : 

PET  =  k  x  e  x  10  /  no.  of  days  in  month  ...  (5) 

Expressed  in  mm  /  day. 

where,  k  =  adjustment  factor  for  which  table  values  are  given  by  Michael  (1978) 
Illustration  (Adopted  from  Mavi  and  Chaurasia,  1980) 

Mean  air  temperature  for  January  =  1 3  0  C 

I  =  125.5  for  Ludhiana,  a  =  2.85 

Putting  these  values  in  Thornthwaite  equation 

,  10  x  13  28 

e  =  1.6  - * - =  1.77  or  17.7  mm  ...(6) 

125.5  V  7 

Correction  factor  for  30  °N  latitude  (  Annexure  IV)  =  0.90,  therefore, 


PET 


0.90  x  1.77  x  10 
30 


0.53mm/  day 


2.  Blaney  -  Criddle  Method  -  Modified  (1955) 

ET0  =  C  [  P  (0.46  T  +  8  )]  mm  /  day  ...  (8) 

where,  ET0  =  reference  crop  ET  in  mm  /  day  for  the  month  considered. 
T  =  Mean  daily  temperature  in  0  C  over  the  month  considered 
P  =  Mean  daily  percentage  of  total  annual  day  time  hours 
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C  =  Adjustment  factor  which  depends  upon 
and  day  time  wind  estimates. 

RH  n/N 

Minimum  <  20  %  Low  <  0.6 

Medium  20  -  50  %  Medium  0.6  -  0.8 

High  >  50  %  High  >  0.8 


relative  humidity,  sunshine  hours 

Wind  velocity 
Light  <  175  km  d  1 
Moderate  175  -  425  km  d'1 
High  425  -  700  Km  d'1 
Very  strong  >700  km  d'1 


Illustration:  For  Pantnagar  for  December 
T  max.  =  22.96 
T  min.  =  5.86 
T  mean  =14.41 

P  value  (From  Annexure  II)  for  29°  N  =  0.23 
P  (  0.46  T  +  8  )  =  0.23  (  0.46  x  14.41  +8)  =3.36  mm/ day 
ETo  =  (Fig.  1 1 .2,  Block  III,  line  2  )  =  2.3  mm  /  day 


Fig  1 1.2  has  to  be  referred 
RH  min.  =  high 
n  /N  =  high 

Wind  velocity  =  Moderate 


3.  Oliver  Method  (1961) 

ET0  =  CW  ...  (9) 

where,  ET0  =  PET 

C  =  Monthly  mean  wet  bulb  depression  in  °C 
W  =  cyclic  (  radiation  /  latitude  )  factor  for  a  specific  latitude 
Illustration  based  on  Pantnagar  data  29  °N  latitude  (For  January) 

Average  wet  bulb  depression  =  3.2  °C;  W  =  0.38  (W  is  obtained  from  Annexure 

HI) 

ETo  =  0.38  x  3.2  =  1.23  mm  /  day. 

4.  Modified  Penman  formula  (1977) 

Based  on  intensive  studies  of  the  climatic  and  measured  gross  ET  data  from 
various  research  stations  in  the  world  and  the  available  literature  on  prediction  of 
ET  or  ETo  Doorenbos  and  Pruitt  (1977)  proposed  a  modified  Penman  method,  as 
below  for  estimating  fairly  accurately  the  reference  crop  ET. 

ETo  =  C{W.Rn  +  (1-W)  f(u)(ea  -  ed)}  ...  (10) 

Radiation  term  aerodynamic  term 

ETo  =  reference  crop  ET  in  mm/day 

W  =  temperature  related  weighting  factor  for  the  effect  of  radiation  on  ETo 
(Annexure  VIII ) 

Rn  =  net  radiation  =  Rns  -  Rnl 

Rns  =  the  net  incoming  short  wave  solar  radiation 

Rns  =  Ra  (1  -x)  (0.25  +  0.50  n/N)  ...(11) 


ETomm/day  ETomrrVday  ETomm/day 
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Fig  11.2  Prediction  of  ETC  from  Blaney  -  Criddle  f  factor  for  different  conditions  of 
minimum  relative  humidity,  sunshine  duration  and  day  time  wind. 

where,  Ra=  extraterrestrial  radiation  expressed  in  equivalent  evaporation  in  mm/ 
day,  n/N  is  the  ratio  between  n  =  actual  duration  of  bright  sunshine  hours  and 
N  =  maximum  possible  duration  of  bright  sunshine  hours 

x  =  reflection  coefficient 

Rnl  =  the  net  long  wave  radiation  =  f(t)  f(ed)  f(n/N)  ...  (12) 

(1-W)  =  a  temperature  and  elevation  related  weighing  factor  for  the  effect  of 
wind  and  humidity  on  ETo 
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f  (u)  =  a  wind  related  function 

ea  =  saturation  vapour  pressure  in  mbar  at  the  mean  air  temperature  in  °C 
ed  =  mean  actual  vapour  pressure  of  the  air  in  mbar 


RH%  mean 


=  ea  x 


100 


(13) 


C  =  adjustment  factor  to  compensate  for  the  day  and  night  weather  effects 


Illustration 

Computation  of  reference  crop  ETo  in  mm  /  day  for  Pantnagar  (29  °N  latitude 
and  283.99  m  MSL  altitude  ) 

A)  Given  data 

1 .  Mean  air  temperature 

2.  Mean  relative  humidity 

3.  Mean  sunshine  hours(n) 

4.  Possible  sunshine(N  from  Annexure  IV  ) 

5.  Value  of  the  ratio  n/N  =  5.81  /1 0.2 

6.  Extra-terrestrial  radiation  mm/day  (Ra) 

(Annexure  V  )  (  8.3  +  8.8  /  2)  = 

7.  Wind  speed  at  3  m  height  in  km/day  (U, ) 


December /1 981 
14.4 1°C 

72% 

5.81  hours/day 
10.2  hours/day 
0.57 

8.6 

129.6 


Uj  =  129.6,  therefore,  U0  i.e.wind  speed  at  2  m  height  U,  x  0.93 
Correction  factor  from  Annexure  VII.  120.53 

8.  Reflection  coefficient  0.25 

B)  Solving  for  aerodynamic  term,  (1-W)  f(u)(ea-ed) 

9.  ea  mbar  from  Annexure  VI  16.1  mbar 

10.  e.  mbar  =  e  x  RH  %  mean  /  100  =  72  x  16.1  /  100  1 1.6  mbar 

O  il 

11.  (ea-ed)  =  (16.1-1 1.6)  4.5 

1 2.  f(u)  from  Annexure  VII  0.59 

13. (1  -W)  from  Annexure  VIII  0.38 

14.0.38x0.59  x4.5  145 

C)  Solving  for  radiation  term,  W.Rn  =  W(Rns-Rnl) 

15. Rns  =  Ra  x  factor  from  Annexure  XIV  =  8.6  x  0.39  =  3.35 

16.  Rnl  =  f(t)  f(ed)  F(n/N)  (From  Annexures  IX,  X  and  XI) 


respectively  (13.5  x  0.19  x  0.60) 

17.  Rn  =  (Rns-Rnl)  =  (3.35-1.54) 

18.  W  from  Annexure  XII 

19.  W.Rn  =  1.81  x  0.62 

D)  ETo  =  Item  14  +  19  =  (1.46  +  1.12) 

E)  Adjustment  of  ET  o  from  Annexure  XIII,  C 

(2.58  x  0.92) 


1.54 

1.81 

0.62 

1.12 

2.58 

0.92 

2.37  mm/day 
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Example  for  calculating  C  value 

Maximum  value  for  December  for  Pantnagar 

Pantnagar,  December  Rs  =  5.81  mm/day,  RH  max  90% 

U  day  6  m/sec.  U  night  3  m/sec 
U  day/U  night  2.0 

Calculation 

C  value  Annexure  XIII  =  0.92 

Eventhough  many  methods  are  available  to  compute  PET,  presently  modified 
Penman  equation  is  widely  used  because  of  its  accuracy.  However,  it  needs  lot 
of  data  for  computation  of  PET. 

ET  Study  and  Their  Implication  in  Crop  Production 

A  question  now  rises  whether  the  ET  study  is  so  important  for  crop  production. 
In  many  literature  it  was  found  out  that  ET  is  directly  related  with  crops  yield. 
Further,  ET  is  dependent  upon  soil  moisture.  When  soil  moisture  is  fully  available, 
the  ET  of  crop  would  be  nearing  to  the  PET.  When  the  soil  moisture  gets  depleted 
the  ET  also  simultaneously  gets  reduced.  This  indicates  that  there  is  a  bio¬ 
regulation  in  the  crops,  so  as  to  have  a  soil,  plant  and  atmosphere  continuum.  In 
other  words,  physiological  activities,  biochemical  activities  and  biological  activities 
of  the  crop  plants  are  so  adjusted  based  on  the  soil  moisture  reserve  and  also 
based  on  the  potential  demand  of  the  atmosphere.  Hence,  the  study  on  ET  is 
paramount  important,  considering  the  followings: 

1.  The  critical  need  of  the  water  for  different  phenological  stages  of  the  crops 
could  be  understood. 

2.  The  actual  quantity  of  water  needed  by  the  plant  at  critical  stages  could  be 
quantified. 

3.  Scientific  irrigation  management  practices  could  be  introduced,  so  as  to 
increase  the  water  use  efficiency  at  the  context  of  change  in  hydrological 
cycle  due  to  climate  change  or  some  other  reasons. 

4.  Inter  state  river  water  dispute  could  be  solved. 

5.  The  effectiveness  of  agronomic  practices  with  reference  to  ET  and  crop  yield 
could  be  experimentally  quantified. 

6.  Further  research  can  be  promoted  based  on  the  ET  study  of  the  crops,  For 
example,  the  ET  of  pulse  crop  is  around  400  mm.  Under  this  situation  the 
potential  yield  does  not  cross  more  than  500  Kg.  ha1,  while,  in  respect  of 
rice,  the  crops  average  yield  is  4  -  5  t  ha'1  with  an  ET  value  of  more  than 
1300  mm.  This  naturally  brings  the  philosophy  that  ET  is  directly  related 
with  yield.  One  among  the  alternate  ways  to  increase  the  pulse  productivity 
is  to  change  the  architecture  of  the  plants  to  increase  the  ET  of  the  plants 
from  400  mm  to  some  higher  values.  This  may  definitely  bring  higher  yield, 
eventhough,  this  is  not  advocated  under  the  context  of  water  scarcity 
situations.  This  may  form  one  among  the  research  menu  in  future. 
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QUESTIONS 

1.  What  is  the  role  of  evaporation  and  transpiration  in  hydrologic  cycle  ? 

2.  If  evaporation  and  transpiration  are  reduced  to  an  appreciable  level  by  science, 
what  will  happen  to  hydrologic  cycle? 

3.  Define  evapotranspiration  and  potential  evapotranspiration. 

4.  What  instruments  are  used  to  measure  evaporation  under  field  condition  ? 

5.  What  are  the  methods  used  to  measure  ET  under  field  condition  and  describe 
any  one  in  detail  ? 

6.  How  PET  is  computed  from  climatological  approach  ?  Discuss  any  one  method 
in  detail. 

7.  Can  evaporation  be  separated  from  evapotranspiration  -  Discuss. 

8.  What  are  the  methods  used  to  reduce  evaporation,  transpiration  and 
evapotranspiration  under  field  condition? 

9.  How  ET  of  crops  is  worked  out  from  climatological  computed  PET  ? 

10.  Define  water  balance  concept.  Describe  one  method  with  your  own 
illustration. 

11.  Why  Penman  formula  for  computing  PET  was  modified  by  Doorenbos  and 
Pruitt  by  1977  ? 

12.  Discuss  the  importance  of  ET  for  aerable  crop  production  -  both  for  garden 
and  dry  land  situations. 

13.  Short  notes  : 

a)  Crop  Co-efficient 

b)  Lysimeter 

c)  Piche  evaporimeter 

d)  Contribution  of  Thomthwaite  to  PET  study. 


12.  Climate  and  Crop  Production 


P.  BALAKRISHNA  PILLAI  and  V.M.  NAIR 


Food  production  begins  with  the  natural  resource  bases  of  water  and  solar 
energy  necessary  for  plant  growth.  A  systematic  appraisal  of  our  natural  resources 
including  climate,  soils,  fauna  and  flora  is  essential  to  meet  the  need  for  increasing 
food  production  on  a  sustainable  basis  to  support  the  increasing  population 
demands. 

Such  appraisal  may  help  the  country  in  more  rational  planning  and  optimizing 
resource  use  for  the  present  and  preserving  them  for  future.  The  common  elements 
that  determine  climate  are  solar  radiation,  rainfall,  atmospheric  temperature, 
humidity  and  wind.  All  these  have  their  own  significance  for  the  life  of  crop  plants. 
The  importance  of  an  individual  element  depends  to  a  certain  extent  on  the  intensity 
of  other  element.  Options  of  cropping  systems  in  different  regions  of  the  country 
and  the  management  largely  depend  on  the  climate. 

Solar  Radiation 

Solar  radiation  is  the  primary  source  of  energy  which  supports  all  lives  on  the 
earth.  Crop  production  is  an  exploitation  of  solar  radiation.  The  three  broad  spectra 
of  solar  energy  are  significant  to  plant  life.  The  shorter  their  visible  wave  length, 
radiation  segment  in  the  solar  spectrum  is  chemically  very  active.  When  plants 
are  exposed  to  excessive  amounts  of  this  radiation,  the  effects  are  detrimental. 
The  atmosphere  however,  acts  as  a  regulator  in  this  type  of  solar  radiation  and 
none  of  the  cosmic,  gamma  and  X-rays  reach  the  earth.  The  ultraviolet  radiation 
of  this  segment  reaching  the  earth  surface  is  very  low  and  is  normally  tolerated 
by  plants. 

Solar  radiation  in  the  higher  than  visible  wave  length  segment,  referred  to  as 
infrared  radiation,  has  thermal  effects  on  plants.  In  the  presence  of  water  vapours, 
this  radiation  does  not  harm  plants,  rather  it  supplies  the  necessary  thermal  energy 
to  the  plant  environment. 

The  third  spectrum  lying  between  the  ultraviolet  and  infrared  is  the  visible  part 
of  solar  radiation,  also  referred  to  as  light.  Light  of  the  correct  intensity,  quality 
and  duration  is  essential  to  normal  plant  development. 

Light  intensity:  Very  low  light  intensity  reduces  the  rate  of  photosynthesis 
resulting  in  reduced  growth.  Similarly  very  high  intensity  is  detrimental  to  plant 
in  many  ways.  It  increases  the  rate  of  transpiration.  It  also  causes  rapid  loss  of 
water  i.e.  it  increases  the  transpiration  rate  of  water  from  the  plants.  The  most 
harmful  effect  of  high  intensity  light  is  that  it  oxidises  the  cell  contents.  Based  on 
the  response  to  light  intensities  the  plants  are  classified  as  follows 

(i)  Sciophytes  (shade  loving  plants):  The  plants  grow  better  under  particularly 
shaded  conditions  eg.  betelvine,  buck  wheat  etc. 

(ii)  Heliophytes  (Sun  loving):  Many  species  of  plants  produce  maximum  dry 
matter  under  high  light  intensities  when  the  moisture  is  available  at  the 
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optimum  level,  eg.  maize,  sorghum,  rice  etc. 

Quality  of  light:  Red  light  is  the  most  favourable  light  for  the  growth  followed 
by  violet  blue.  Ultraviolet  and  shorter  wave  lengths  kill  bacteria  and  many  fungi. 

Duration  of  light:  The  response  of  plants  to  the  relative  length  of  the  day  and 
night  is  known  as  photoperiodism.  The  plants  are  classified  on  the  extent  of 
response  to  day  length  which  is  as  follows. 

(i)  Long-day  plants:  The  plants  which  develop  and  produce  normally  when 
the  photoperiod  is  greater  than  the  critical  minimum  (greater  than  12  hrs), 
eg.  cereals,  potato,  sugarbeet,  wheat,  barley  etc. 

(ii)  Short-day  plants:  The  plants  which  develop  normally  when  the 
photoperiod  is  less  than  the  critical  maximum  (less  than  1 2  hrs),  eg  tobacco, 
soybean,  millets,  maize,  sugarcane  etc. 

(iii)  Intermediate  or  day  neutral  plants:  Those  plants  which  are  not  affected 
by  photoperiod,  eg.  tomato,  cotton,  sweet  potato,  pineapple  etc. 

The  photoperiodism  influences  the  plant  characters  such  as  floral  initiation  or 
development,  bulb  and  rhizome  production  etc.  In  a  long  day  plant,  during  periods 
of  short  days,  the  growth  of  internodes  are  shortened  and  flowering  is  delayed 
till  the  long  days  come  in  the  season.  Similarly  when  short-day  plants  are  subjected 
to  long-day  periods,  there  will  be  abnormal  vegetative  growth  and  there  may  not 
be  any  floral  initiation. 

The  direction  of  sunlight  has  a  greater  effect  on  the  orientation  of  roots  and 
leaves.  In  temperate  regions,  the  southern  slopes  plants  produce  better  growth 
than  the  northern  slopes  due  to  higher  concentration  of  sunlight  in  the  southern 
side. 

Temperature 

Air  temperature  is  the  most  important  weather  parameter  for  plant  life  because 
of  the  following  factors. 

1.  Physical  and  chemical  processes  within  the  plants  are  governed  by 
temperature  and  these  processes  in  turn  control  biological  reactions  that 
take  place  within  the  plants 

2.  The  diffusion  rate  of  gases  and  liquids  changes  with  temperature 

3.  Solubility  of  different  substances  is  dependent  upon  temperature 

4.  The  rate  of  reactions  varies  with  variations  in  temperature 

5.  Equilibrium  of  various  systems  and  compounds  is  a  function  of  temperature 

6.  Temperature  effects  the  stability  of  the  enzyme  system. 

The  growth  of  higher  plants  is  restricted  to  a  temperature  between  0  to  60°C 
and  the  optimum  is  10  to  40°C.  Beyond  these  limits,  plants  are  damaged  severely 
and  even  get  killed.  The  maximum  production  of  dry  matter  occurs  when  the 
temperature  ranges  from  20  and  30  °C.  High  night  temperature  favours  growth  of 
shoots  and  leaves  and  it  also  affects  plant  metabolism.  Most  of  the  plants  are 
injured  when  the  night  temperature  is  low.  Tender  leaves  and  flowers  are  very 
sensitive  to  low  temperature  and  frost. 
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Every  plant  has  its  own  maximum,  optimum  and  minimum  temperature  limits 
for  its  normal  growth  and  reproduction.  The  vital  physiological  activities  of  a  plant 
stop  below  a  minimum  level,  similarly  at  a  maximum  level.  On  the  other  hand,  at  the 
optimum  level  of  temperature,  maximum  plant  responses  are  observed.  These  three 
levels  are  known  as  Cardinal  temperature  points(Table  12.1). 


Table  12.1  Cardinal  temperature  for  germination  of  seeds  of  certain  crops 


Crops 

Minimum  (°C) 

Optimum  (°C) 

Maximum  (°C) 

Wheat 

3-4.5 

25 

30-32 

Barley 

3-4.5 

20 

38-40 

Oats 

4-5.0 

25 

30.0 

Maize 

8-  10.0 

32-35 

40-44 

Sorghum 

8  -  10.0 

32-35 

40.0 

Rice 

10-  12.0 

30-32 

36-38 

Tobacco 

13  -  14.0 

28 

35.0 

Apart  from  yield  reductions,  many  visible  injuries  on  the  plants  (cold  and  heat 
injuries)  are  seen  due  to  very  low  or  very  high  temperature. 

Soil  Temperature 

In  many  instances,  soil  temperature  is  of  greater  importance  to  plant  life  than 
air  temperature,  e.g.  beech  and  oak  trees  can  withstand  air  temperature  of  -25°C 
but  roots  of  these  trees  cannot  tolerate  even  up  to  -16°C.  It  influences  the 
germination  of  seeds  and  root  activities.  It  influences  the  soil-borne  diseases  like 
seedling  blight,  root  rot  etc.,  and  decomposition  of  organic  matter.  Greater  the 
soil  temperature,  higher  will  be  the  decomposition  of  organic  matter.  It  controls 
the  nutrient  availability.  In  the  tropics,  high  temperature  of  soil  causes 
degeneration  of  potato  tubers.  It  also  affects  nodulation  in  legumes. 

Humidity 

Relative  humidity  is  associated  with  moisture  content  of  air.  As  the  atmospheric 
humidity  increases,  the  temperature  decreases.  This  phenomenon  increases  the 
heat  load  of  the  leaves  because  not  much  of  heat  energy  is  used  under  reduced 
transpiration.  As  such,  the  leaves  suffer  from  excessive  heat  and  due  to  closure 
of  stomatas,  the  entry  of  C02  is  reduced.  Reduction  in  transpiration  reduces  the 
translocation  of  food  materials  and  also  the  uptake  of  nutrients.  A  moderately 
high  60-80%  R.H.  is  conducive  for  growth  and  development  of  plants.  A  very 
high  R.H.  is  beneficial  to  maize,  sorghum,  sugarcane,  etc.,  while  it  is  harmful  to 
crops  like  sunflower  and  tobacco.  The  relative  humidity  influences  the  water 
requirement  of  crops  through  its  effect  on  evapotranspiration.  For  almost  all  the 
crops,  it  is  always  safe  to  have  a  moderate  R.H.  of  above  40%. 

Dew:  Dew  is  formed  when  water  vapours  are  condensed  on  cool  and  still  nights. 
This  is  a  phenomenon  which  is  mostly  witnessed  in  winters.  Vegetation  on  the 
ground  is  found  to  be  carrying  small  drops  of  water  over  them.  The  ground  also 
becomes  wet.  The  dew  has  got  similar  desirable  effects  as  those  of  small 
precipitation.  In  India,  winters  are  dry  and  any  amount  of  precipitation  has  got 
desirable  effects  on  the  plant  growth.  Generally  it  is  believed  that  more  the  dew 
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nights  in  the  winter,  better  is  the  season  for  winter  or  rabi  crops.  In  the  form  of 
dew,  partial  water  requirement  of  the  plant  is  satisfied,  relative  humidity  of  air  is 
increased  thereby  reducing  the  evaporation  and  transpiration  losses  of  soil 
moisture. 

Frost:  Frost  occurs  when  the  temperature  of  atmosphere  cools  down  suddenly 
to  the  freezing  point,  and  water  vapour  is  changed  to  solid  state  without  passing 
through  the  intermediate  state.  Unlike  dew,  frost  is  undesirable  and  is  detrimental  to 
many  of  the  crops  which  are  susceptible  to  it.  The  crops  which  are  highly  susceptible 
to  frost  are  -  tur,  potato,  tomato  and  other  solanaceous  crops,  cotton,  sugarcane 
etc.  These  crops  are  turned  black  and  has  got  the  effect  similar  to  burning.  Fruits 
may  crack  and  become  patchy  and  hard.  Leaves  may  fall  down  and  wilt.  All  these 
effects  are  due  to  the  upset  in  physiological  processes  of  the  plant. 

Rainfall 

Precipitation  is  the  primary  source  of  water  to  the  earth.  About  75%  of  the 
global  area  depends  solely  on  rain  for  food  production.  In  India,  rainfed  agriculture 
is  earned  out  in  about  70%  of  the  cultivable  area  which  contributes  about  42%  of 
total  food  production. 

When  the  rainfall  is  less  than  500  mm,  only  pasture  grasses  can  be  raised.  If 
the  rainfall  ranges  between  500-750  mm,  a  single  monsoon  crop  with  intercrops  is 
raised.  When  the  rainfall  is  750-900  mm,  two  crops  are  raised  with  some  adjustment 
in  the  sowing  time.  In  areas  of  more  than  900  mm  rainfall,  two  crops  are  raised. 

Deficient  rains  limit  crop  growth  and  heavy  rains  are  even  more  harmful  for 
crops.  They  induce  soil  erosion  and  leaching  of  nutrients.  Occurrence  of  drought 
and  famines  are  mainly  due  to  inadequate  rainfall  over  a  continuous  period  of 
time. 

Wind 

Wind  influences  plant  life,  both  physiologically  and  mechanically.  The  influence 
is  more  pronounced  on  plants  on  flat  lands  near  the  sea  coast  and  or  the  slopes 
of  mountains.  The  wind  affects  plants  directly  by  increasing  transpirations  and 
the  intake  of  carbon  dioxide  and  by  causing  several  types  of  mechanical  damage. 

Under  normal  conditions,  wind  increases  transpiration.  With  increasing  wind 
velocity,  there  is  a  greater  increase  in  cuticular  transpirations  than  stomatal 
transpiration.  Wind  increases  turbulence  in  atmosphere  thus  raising  the  supply 
of  carbon  dioxide  to  the  plants  and  thereby  increasing  the  rate  of  photosynthesis. 
However,  the  increase  in  photosynthesis  is  again  up  to  a  certain  wind  speed, 
beyond  which  its  rate  becomes  constant.  When  the  wind  is  hot,  it  accelerates  the 
drying  of  the  plants  by  replacing  humid  air  by  dry  air  in  the  intercellular  spaces. 
At  the  time  of  cell  expanding,  the  hot  dry  wind  affects  the  maturing  cell  and  that 
results  in  dwarfing  of  plants.  This  is  because  the  cells  cannot  attain  full  turgidity 
in  the  absence  of  optimal  hydration,  thus  remaining  at  subnormal  size. 

With  the  influence  of  strong  wind  pressure  from  fixed  directions,  the  normal 
form  and  position  of  the  shoots  are  permanently  deformed.  Another  severe  injury 
to  plants  caused  by  strong  wind  is  lodging.  This  injury  is  common  in  paddy,  maize, 
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sorghum,  wheat  and  sugarcane.  Strong  wind  breaks  the  twigs  and  sheds  fruits 
from  plants.  Further,  crops  and  trees  with  shallow  roots  are  often  uprooted. 

When  the  plant  cover  is  not  thick,  strong  winds  remove  the  dry  soil,  exposing 
their  roots  and  killing  them.  Eroded  materials  from  one  place  becomes  a  hazard  to 
the  existing  small  plants  in  places  where  it  is  deposited.  This  deposited  material 
reduces  the  aeration  around  the  roots  and  plants. 

Winds  which  blow  from  closed  seas  and  lakes  do  a  lot  of  salt  spraying  on  the 
windward  coastal  areas,  making  it  impossible  to  grow  crops  which  are  sensitive 
to  excessive  salts. 

Climatic  Normals  for  Crop  Plants 

Rice  (Oiyza  sativa  indica):  Rice  requires  high  temperature,  ample  water  supply 
and  high  atmospheric  humidity  during  growth  period.  It  tolerates  up  to  40°C, 
provided  water  is  not  a  limiting  factor.  A  mean  temperature  of  22°C  is  required  for 
entire  growing  period.  If  night  temperature  drops  lower  than  15°C  during  the  entire 
vegetative  phase,  the  rice  yield  is  greatly  reduced  by  formation  of  sterile  spikelets, 
which  are  induced  by  low  temperature. 

The  period  during  which  low  temperature  is  most  critical  is  about  10  to  14  days 
before  heading. 

Low  sunshine  hours  during  the  vegetative  stage  have  slight  ill  effect  on  grain 
production  but  such  a  situation  prevailing  during  the  reproductive  state  have  a 
effect  on  spikelet  number  and  their  development,  thus  reducing  crop  yield.  For 
getting  higher  grain  yield  a  solar  radiation  of  300  cal/m2  per  day  is  required.  A 
combination  of  low  daily  mean  temperature  and  high  solar  radiation  during  the 
reproductive  phase  gives  higher  yield. 

There  should  be  a  monthly  rainfall  of  200  mm  to  grow  low  land  rice  and  100 
mm  to  grow  upland  rice  successfully.  The  feet  of  the  plant  should  remain 
submerged  in  water  from  the  time  of  sprouting  to  milking  stage  of  the  grain.  At 
waxy  ripeness  stage,  no  standing  water  in  the  field  is  required. 

Wheat  (Triticum  spp.):  The  crop  can  withstand  intense  cold  condition.  The 
optimal  range  of  temperature  for  the  germination  of  winter  wheat  and  for  its 
vegetative  growth  is  1 5  to  20°C.  High  temperature  during  rapid  growth  and  tillering 
periods  results  into  poor  tillering,  low  number  of  effective  tillers,  poor  growth  rate, 
short  shoot  height,  low  LAI,  short  ears  with  lower  number  of  spikelets,  lower  grain 
weight  and  lower  quality. 

High  soil  moisture  content  is  useful  for  high  germination,  start  of  seedlings, 
good  seed  setting  and  development.  The  crop  shows  considerable  resistance  to 
drought.  It  is  highly  sensitive  to  moisture  stress  during  the  period  from  shooting 
to  advanced  heading  stages.  Bright  sunny  days  with  dryness  and  cooler  nights 
during  ripening  period  give  better  sized  quality  grains. 

Optimum  rainfall  requirement  is  50-87.5  cm  during  the  growing  season  and  the 
total  water  requirement  is  35-55  cm  for  different  varieties  and  seasonal  conditions. 
Daily  consumptive  use  varies  from  0.17  to  0.87  cm  from  emergence  to  grain  filling, 
the  high  range  being  0.62  cm  for  a  period  from  boot  to  dough  stage.  The 
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experimental  results  in  Punjab  show  that  35-40  cm  well  distributed  rainfall  in  the 
entire  crop  season  is  ideal  for  the  crop.  The  information  on  the  critical  growth 
stages  in  areas  with  limited  water  supply  is  useful. 

Maize  (Zea  mays):  The  crop  is  grown  almost  all  over  India  under  varied  soil 
and  climatic  conditions.  It  is  essentially  a  warm  and  humid  region  crop  and  grows 
well  in  areas  of  moderate  climate,  throughout  the  year. 

Maize  grows  well  in  areas  where  the  mean  temperature  is  around  24°C  and 
night  temperature  is  above  15°C.  No  maize  cultivation  is  possible  in  areas  where 
the  mean  summer  temperature  is  below  19°C  or  where  the  average  night  temperature 
during  the  three  summer  months  falls  below  21°C.  However  high  night 
temperatures  also  result  in  less  yield.  During  the  flowering  period  if  the  maximum 
temperature  is  around  35°C  or  more,  the  fertilization  will  be  hampered  and  as  a 
result  yield  will  be  poor. 

Maize  is  adopted  to  humid  climate  and  has  moderate  to  high  water  requirement 
depending  upon  type  of  soil,  season.  It  needs  50-75  cm  of  rainfall  during  its  life 
span.  The  crop  requires  high  amount  of  water  during  its  inflorescence  stage. 
Maize,  at  the  same  time,  is  very  sensitive  to  excess  water  and  hence  it  is  desirable 
to  plant  it  on  ridges. 

Cotton  (Gossypium  spp .):  The  crop  is  a  heat-loving  and  is  the  best  adopted 
to  subtropical  climate.  It  is  sensitive  to  temperature  and  soil  water  conditions. 
Cool  night  and  low  day  time  temperatures  encourage  much  vegetative  growth. 
Usually  the  crop  requires  abundant  sunshine  with  adequate  moisture,  fairly  high 
temperature  and  around  200  days  frost-free  period.  A  mean  annual  temperature 
over  16°C  is  essential  for  high  yields  and  temperatures  above  39°C  is  detrimental 
to  the  crop  growth.  After  emergence  the  soil  moisture  should  not  fall  so  as  to 
raise  the  surface  soil  temperature.  Bright  sunny  days  after  emergence  are 
undesirable  in  early  stages.  Cloudiness  prolongs  the  vegetative  growth.  During 
later  ball  development  period,  low  night  temperatures  results  in  shorter  fibres  and 
bad  boll  opening.  The  over-all  development  rate  is  maximized  at  a  temperature 
range  of  25  to  30°C. 

The  minimum  rainfall  limit  for  cotton  is  50  to  65  cm.  Heavy  rainfall  during  sowing 
and  early  stage  is  undesirable.  Excessive  rainfall  at  later  stage  may  cause  the 
shedding  of  leaves,  blooms  and  bolls. 

The  crop  has  a  deep  and  extensive  root  system.  Naturally  its  water  need  is 
very  high.  In  general,  it  is  desirable  to  allow  the  crop  to  mature  on  stored  soil 
moisture  and  extract  almost  all  available  soil  moisture  at  the  end  of  the  season. 
Total  water  requirement  of  the  crop  varied  from  30  to  45  acre-inch  (70-1 10  cm). 
Peak  daily  water-use  rate  is  0.35  inch. 

Sugarcane  (Saccharum  spp.):  Sugarcane  is  a  tropical  crop  and  requires  warm 
humid  climate  for  its  growth.  As  it  grows  the  year  round,  it  passes  through  all 
types  of  weather  and  seasonal  conditions. 

For  good  sprouting  the  setts  require  the  mean  daily  temperature  around  22°C 
(30°C  being  the  best).  A  soil  temperature  of  27-28°C  is  the  optimum  for  the  plant 
growth.  The  maximum  temperature  above  37°C  inhibits  growth.  Adequate  warmth 
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and  plenty  of  moderate  light  near  the  base  of  young  shoots  are  essential  to  induce 
early  tillering.  Moist  humid  climate  (RH  above  70%)  with  20-32°C  temperature 
range  long  days,  short  nights  and  ample  water  supplies  are  highly  conducive  to 
good  vegetative  growth.  Low  minimum  temperature  retard  flowering  and  very  low 
temperature  reduces  quality  of  juice.  The  crop  yield  is  reduced  to  one-half  if  the 
sun-shine  is  cut  down  to  half  the  normal. 

The  crop  requires  125  to  165  cm  of  rainfall  in  a  year.  The  crop  has  an  extensive 
fibrous  root  system  with  roots  most  extensive  in  the  upper  60  to  90  cm  of  soil. 
The  optimum  yields  of  sugarcane  are  obtained  by  maintaining  a  very  high  moisture 
level  throughout  the  root  zone,  during  the  entire  growing  seasons,  until  about 
one  month  before  harvest.  The  total  water  requirement  of  the  crop  varies  between 
70-85  acre  -  inches  annually. 

Potato  (Solatium  tuberosum):  Potato  is  a  crop  grown  in  temperate  climate, 
climatic  influences  are  very  important  for  production  of  potato.  The  optimum 
planting  time  temperatures  need  to  be  around  18-20°C.  Too  high  temperature 
damages  the  tubers  and  too  low  temperature  damages  sprouting.  For  tuber 
formation  and  development  lower  temperatures  are  desirable.  A  decrease  in  the 
tuber  formation  and  production  at  a  constant  temperature  above  25 °C  and  complete 
inhibition  at  29°C  is  observed.  Plants  are  damaged  even  by  a  mild  frost.  The 
optimum  soil  temperature  for  the  crop  varies  for  different  growth  stages  of  the 
crop.  Temperature  and  day-length  are  important  for  potato  production.  The  water 
requirement  of  the  crop  is  not  very  high.  For  early  varieties,  a  well  distributed 
rainfall  of  around  40  to  60  cm  is  sufficient  for  its  vegetative  period.  Heavy  rains, 
alternating  with  dry  and  wet  spells  are  harmful.  The  optimum  soil  moisture  for 
the  crop  is  65-80%  of  the  field  capacity.  The  crop  is  moderately  sensitive  to  salinity. 

Tobacco  (Nicotiana  spp.):  The  crop  is  grown  under  a  variety  of  soil  and  climatic 
conditions.  Although  it  is  a  tropical  plant,  it  can  be  grown  in  varied  environments 
with  a  temperature  range  of  10-3 2 °C.  The  temperature  beyond  35°C  results  in  leaf 
burning,  24-27°C  being  the  optimum  temperature  for  most  of  the  varieties.  It  needs 
low  temperature  for  germination.  Warm  moist  weather  is  the  best  for  its  growth 
and  cool  dry  weather  for  ripening.  Bright  sunshine  for  2-3  weeks  after  planting  is 
harmful.  High  humidity  during  leaf  curing  is  necessary.  High  rainfall  during  its 
early  growth  stages  is  harmful. 

Tobacco  requires  a  well  distributed  rainfall  of  about  80-100  cm.  The  mainte¬ 
nance  of  a  moisture  depletion  level  not  below  50  to  60%  of  available  moisture 
holding  capacity  is  found  to  provide  high  yield.  It  is  very  sensitive  to  wet  soil 
conditions  and  hence  poor  soil  drainage,  particularly  during  early  growth  period. 

Gram  (Cicer  arietinum):  Sufficiently  cool  and  humid  climate  is  ideal  for  gram 
cultivation.  The  seeds  of  the  crop  can  germinate  over  a  wide  range  of 
temperatures,  from  10  to  45°C.  Temperature  around  15-20°C  is  optimum  for  its 
growth.  The  root  zone  soil  temperature  of  15-25°C  is  highly  beneficial  for  early 
and  adequate  nodulation.  Nodulation  is  adversely  affected  when  the  root 
temperature  exceeds  30°C. 

Excessive  rains  after  sowing  and  at  flowering  are  harmful.  Excessive 
atmospheric  humidity  appears  to  have  negative  influence  on  seed  setting.  The 
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highest  pod  formation  has  been  recorded  at  relative  humidity  ranging  from  20- 
40%.  Again,  extremely  low  atmospheric  humidity  at  flowering  and  pod  formation 
stages  results  in  reduced  yield.  The  crop  is  moderately  tolerant  to  soil  salinity. 

Soybean  ( Glycine  max):  It  is  a  crop  of  warm,  humid  temperate  region.  It's 
cultivation  has  now  extended  to  semi-arid  tropic  with  daily  maximum  temperatures 
below  40°C  and  fairly  assured  rainfall  conditions  due  to  availability  of  different 
varieties. 

The  optimum  temperature  for  its  seed  germination  is  30°C.  The  freezing 
temperature  can  result  in  complete  destruction  of  the  leaves.  The  high  temperature 
during  flowering  and  ripening  increases  fat  but  reduces  proteins.  Nodulation  and 
nitrogen  fixation  in  soybeans  are  greatly  affected  by  soil  temperature.  Soybean 
growth  is  limited  by  temperatures  in  excess  of  33°C. 

The  seasonal  crop  water  requirement  varies  between  45-75  cm,  with  0.75  cm  day 
as  peak  need  during  active  growth,  flowering  and  pod  development  period.  The 
crop  is  sensitive  to  water  logging  but  moderately  tolerant  to  salinity.  Drought 
during  flowering,  podsetting  and  early  development  causes  severe  pod  shedding. 
Yield  of  soybean  is  adversely  affected  by  moisture  stress  during  the  pod  filling 
period  and  may  result  in  20-50%  reduction  in  grain  yields. 

Groundnut  (Arachis  hypogaea):  It  is  normally  a  warm  and  moderately  moist 
climate  crop  requiring  abundant  sunshine  and  moderate  rainfall.  A  longer  season 
with  moist  soil  conditions  from  flowering  to  pod  development,  warm  climate  (24- 
34°C  temperature)  plenty  of  sun-shine  are  highly  favourable  for  the  crop. 
Temperature  above  44°C  and  below  4°C  are  not  desirable.  The  optimum  seed 
germinating  temperature  is  14-1 6°C.  Low  temperatures  retard  germination  of  seeds, 
growth  of  plants  and  lengthens  flowering.  While  higher  temperatures  result  in 
the  best  performance  of  stem  growth,  number  of  flowers  and  number  of  pods. 
The  maximum  number  of  pods  have  been  harvested  at  a  mean  soil  temperature  of 
23°C.  The  number  of  pods  decreases  as  the  soil  temperatures  increase. 

A  well  distributed  rainfall  of  50-70  cm  is  generally  adequate  for  the  crop.  The 
crop  requires  dry  conditions  for  pod  maturity  and  harvesting  and  only  moist  soil 
after  emergence  till  flowering  starts.  Rains  at  maturity  reduce  yield.  Moist  soil 
conditions  at  the  pegging  and  early  pod  development  is  highly  critical.  High 
atmospheric  humidity  stimulates  greater  rates  of  flowering,  resulting  in  increased 
peg  setting.  During  the  vegetative  period  the  soil  moisture  stress  delays  flowering, 
fruit  setting  and  ultimately  results  in  poor  yield. 

Mustard  (Brassica  juncea):  Mustard  is  a  crop  of  subtropical  and  temperate 
climates.  Cool  temperature  and  fairly  good  moisture  during  the  crop  growing  period 
and  a  dry  harvest  period  is  ideal  for  the  crop.  High  temperature  and  absence  of 
rain  during  flowering  periods  decrease  seed  yields.  Heavy  rainfall  during  seed 
germination  effect  germination  and  seedling  establishment.  The  crop  produces 
the  best  results  in  areas  where  rainfall  during  the  growth  period  is  10-15  cm. 

Sunflower  (Helianthus  animus):  It  is  a  very  drought  tolerant  plant,  grown  in 
cool  temperate  region.  It  has  a  deep  tap  root  system  that  makes  it  drought  tolerant. 
The  crop  is  fairly  tolerant  to  both  heat  and  cold  but  very  extreme  temperatures 
are  harmful.  High  day  temperatures  decrease  the  number  and  weight  of  seeds  per 
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plant,  seed  yield  and  oil  content.  18-25°C  is  the  optimum  temperature  for  the  crop. 
Adequate  warmth  and  ample  light  are  essential  for  uniformity  in  growth,  flower- 
head  development,  seed  filling  and  high  oil  content.  Increased  root  temperatures 
generate  a  good  growth  of  leaves,  resulting  in  higher  yield. 

High  RH  (%)  has  marked  positive  influence  on  growth  of  the  crop.  The  crop 
needs  a  low  to  moderate  water  requirement. 

It  can  mobilize  water  from  quite  deep  soil  layers.  The  crop  water  requirement 
varies  from  300-550  mm  of  water.  It  is  fairly  tolerant  to  frost  and  also  to  salt. 

The  crop  has  a  specific  response  to  light.  In  morning  hours  the  head  of  the 
crop  faces  east  (towards  the  rising  sun).  The  floral  head  follows  the  sun's  path 
during  day  time  and  at  sunset,  it  faces  west.  During  the  night,  the  head  rotates 
towards  east  and  the  cycle  is  repeated  daily.  Reduction  in  light  intensity  has  a 
marked  effect  on  the  yield.  During  flowering  and  seed  development  stages  reduced 
light  intensity  has  adverse  effect  on  the  final  product. 
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QUESTIONS 

1.  Briefly  explain  the  influence  of  weather  elements  on  growth  and  productivity 

of  crop 

2.  Write  in  brief  the  climatic  normals  for  the  following  crops 

L  Wheat 

ii.  Rice 

iii.  Maize 

iv.  Sugarcane 

v.  Groundnut 


13.  Weather  in  the  Incidence  of  Pests  and 
Diseases 

P.  BALAKRISHNA  PILLAI  and  B.  AJITHKUMAR 

The  losses  in  crop  produce  caused  year  after  year  by  pest  and  disease 
affliction  are  quite  considerable.  The  high  yielding,  short  duration,  dwarf  rice 
varieties  have  been  found  highly  susceptible  to  attacks  by  many  pests  and 
diseases  leading  to  severe  crop  losses.  A  cataloguing  of  the  pests  and  diseases 
which  are  known  to  be  weather  sensitive  in  their  proliferation  and  determination 
of  the  meteorological  conditions  conducive  for  their  growth  and  spread  can  help 
in  (i)  locating  the  likely  regions  and  periods  of  their  occurrence  and  (ii)  initiation 
of  control  measures  on  the  basis  of  weather  warnings. 

Meteorological  Forecasting  of  Pests  and  Diseases 

The  two  main  methods  used  in  these  efforts  are  the  physiological  or  laboratory 
approach  and  the  empirical  approach. 

Physiological  or  laboratory  approach:  In  this  the  effect  of  different  levels 
of  environmental  factors  (principally  temperature  and  relative  humidity)  either 
singly  or  in  combination  on  survival  and  rates  of  development  and  completion 
of  various  life  stages  of  the  organism  are  studied.  The  main  advantage  of  these 
studies  lies  in  (i)  finding  out  modification  or  alteration  of  the  effects  of  one  factor 
by  that  of  another  one,  (ii)  the  detection  of  the  presence  or  absence  of  thermal 
or  other  environmental  constants,  the  accumulation  of  which  above  certain 
threshold  values  will  trigger  the  passage  of  the  organism  from  one  stage  of  its 
life  cycle  to  another,  (iii)  determining  the  environmental  limits  for  the  survival  of 
the  organism  in  various  stages,  and  (iv)  evaluating  the  environmental  ranges 
which  do  not  contribute  to  the  development  of  the  organism.  The  main  drawback 
is  that  these  studies  are  conducted  under  'constant'  conditions  of  environment, 
which  is  much  different  from  the  natural  conditions  of  diurnal  variation.  For 
example  low  variable  humidities  may  stimulate  more  egg  production  than  higher 
humidities.  The  diurnal  variations  may  have  less  significant  effects  on  the 
development  of  the  organism  if  they  happen  to  be  in  the  region  where 
development  is  linearly  related  to  environment.  However,  in  the  lower  and  higher 
ranges,  where  the  relationship  tends  to  be  curvilinear,  diurnal  variations  may  exert 
a  market  modifying  effect. 

Empirical  field  approach:  In  this  the  intensity  and  percentage  infection  of  a 
crop  by  pest  or  pathogen,  as  revealed  by  plant  disease  or  pest  surveys  or  as 
recorded  on  crops  not  subject  to  any  prophylactic  measures  against  the  biological 
setback,  are  sought  to  be  related  to  the  concurrent,  prevailing  weather  factors. 
In  this,  either  single  station  studies  in  which  emphasis  is  on  delineation  of 
meteorological  conditions  in  epidemic  as  opposed  to  non-epidemic  years  or  multi¬ 
station  studies  leading  to  changes  in  periods  or  intensity  of  infestation  may  be 
used.  The  work  of  Padmanabhan  et  al.  (1971)  on  Piricularia  oiyzae  in  Orissa 
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comes  under  the  first  category.  The  work  on  Cercospora  leaf  spot  of  groundnut 
in  Maharashtra  (Sulaiman  and  Agashe,  1965)  belong  to  the  later  category. 

A  multi-station  study  is  to  be  preferred  to  a  single  station  study  from  the 
point  of  view  of  corroboration  of  the  general  surmises.  As  in  case  of  crop  weather 
relationship  studies  there  can  be  a  short  period  of  data  if  observations  are 
recorded  on  crop  stands  sown  at  periodical  intervals  at  a  number  of  stations. 

Systematic  presentation  and  analysis  of  quantitative  pest/disease  data  in 
relation  to  the  associated  meteorological  conditions  in  India  are  of  recent  origin 
and  have  been  limited.  From  these  it  is  seen  that  a  number  of  pests  and  diseases 
such  as  (i)  shoot  borer,  top  borer,  stalk  borer,  leaf  hopper,  stem  borer  and  white 
grub  of  sugarcane  in  North  India,  (ii)  Gall  midge,  stem  borer  and  hispa  of  rice  in 
the  East  Coast,  (iii)  jowar  stem  maggot  (shoofly)  in  Maharashtra,  Karnataka,  Delhi 
and  Rajastan,  (iv)  leaf  rusts  of  wheat,  (v)  blast,  bacterial  blight,  yellow  dwarf, 
stack  bum  and  false  smut  of  paddy,  (vi)  bacterial  blight  of  cotton,  (vii)  Altemaria 
blight  of  cucurbits,  (viii)  mosaic  vims  of  cowpea,  (ix)  charcoal  rot  of  potato,  (x) 
leaf-spot  of  arhar ,  (xi)  tikka  of  groundnut,  and  (xii)  blight  of  gram  show  weather 
sensitiveness  in  their  build  up  and  outbreaks. 

Once  an  infective  inoculum  is  reported  an  advisory  regarding  the  general 
weather  conditions  that  would  favour  a  rapid  spread  can  be  issued  to  facilitate 
timely  initiation  of  control  operations  by  the  plant  protection  officials  in 
consultation  with  weather  forecaster. 

Among  different  factors  that  account  for  the  natural  control  of  insects,  the 
climatic  factors  are  the  most  important.  Of  the  weather  factors,  temperature  affects 
directly  and  may  have  influence  in  the  number  of  generations  of  the  ins,ect  in 
green  season.  Extreme  hot  and  cold  weather  will  directly  kill  insects.  A  wet  climate 
is  favourable  to  many  insects.  Heavy  rains  on  the  other  hand  have  an  adverse 
effect  on  small  insects  like  aphids  and  thrips,  which  are  washed  down  the  plants 
and  may  get  killed.  In  the  flooded  soil,  many  soil  insects  may  either  get  killed 
inside  the  soil  or  may  come  out  to  the  surface  to  be  devoured  by  predators.  A 
high  humid  temperature  encourages  development  of  entomophagous  fungi,  which 
check  the  insect  population.  Strong  winds  interfere  with  the  host  mate  finding 
flights  and  with  oviposition.  But  winds  help  in  the  dispersal  of  aphids  and  moths 
over  large  areas.  Air  currents  indirectly  influence  the  insect  population  by  bringing 
about  changes  in  temperature  and  humidity. 

Meteorological  Factors  in  Relation  to  Pests  Out  break 

Important  crops,  viz.  rice,  sorghum,  cotton,  sugarcane,  potato,  etc.  are  having 
number  of  pests  attacking  them.  However,  incidence  of  some  of  them  in  a 
particular  season  go  above  economic  threshold  level  (ETL)  so  that  it  damages 
the  crop  significantly.  Some  of  the  important  pests  of  those  crops  are  discussed 
here  in  relation  to  their  weather  requirement 

Rice  stem  borer  (Scirpophaga  incertulas):  High  stem  borer  infestations  are 
noted  in  paddy  planted  from  October  to  January  and  low  infestations  on  crop 
planted  from  June  to  October.  The  pest  infestation  is  negatively  correlated  with 
rainfall  and  minimum  temperature  and  positively  with  maximum  temperature. 
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During  the  ear-bearing  phase,  the  infestation  is  negatively  correlated  with 
humidity  also.  The  moths  are  active  between  a  temperature  range  of  19-33°C 
and  the  maximum  number  of  eggs  are  laid  at  29-30°C  and  90%  RH. 

Rice  gall  midge  (Orseolia  oryzae)  :  Farvourable  conditions  for  infestation 
were  at  T  min  =  19.8°C,  T  max  =  35.2°C  with  relative  humidity  89.94%  and  mean 
rainfall  4.5  to  62.5  mm  (per  5  day  period).  High  humidity,  less  SSH,  high 
temperature  are  conducive. 

Brown  plant  hopper  (Nilparvvata  lugens):  During  monsoon  dry  and  warm 
period  proceeded  by  heavy  precipitation  of  more  than  30  mm  per  week  for  at 
least  2  weeks  during  September  with  T  min.  in  the  range  21-23°C  is  conducive 
for  attack. 

Rice  swarming  caterpillar  (Spodoptera  mauretia):  Good  monsoon  activity 
coinciding  with  the  vegetative  phase  of  crops  followed  by  2-3  weeks  dry  spells. 
The  caterpillars  are  active  between  a  temperature  range  of  22-32°C,  relative 
humidity  of  65-70  %  and  7-9  sun  shine  hours  during  dry  spell. 

Rice  grasshopper  (Hieroglyphus  banian):  The  dry  and  warm  weather  during 
hatching  and  moulting  phase  favours  the  multiplication  of  the  pest  causing  a 
heavy  outbreak. 

Jowar  shoot  fly  (Atherigona  soccata):  Higher  T  max,  i.e  30-40°C  and  lower 
relative  humidity  of  40-75%  is  conducive  to  egg  laying  and  larval  activity,  where 
as  very  high  relative  humidity  of  86-90%  are  not  favourable  for  infestations. 
Jowar  mite  (Oligonychus  indicus):  Favourable  conditions  are:  one  or  two  showers 
in  April  and  May. 

T  max  =  34.5-38.8°C,  T  min  =  24.4-25.5°C,  and  RH-I  =  51%, 

Cotton  spotted  bollworm  (Earias  vitella):  During  boll  formation  stage  (in  July/ 
August)  the  infestation  occurs  at  a  rapid  rate.  The  optimum  value  of  RH-I  is  95- 
100%,  BSS  is  5-7  h  and  weekly  rainfall  of  17-210  mm  for  infestations.  In  October/ 
November,  the  larval  activities  are  more  when  Tmin  is  ranging  between  19-  20°C 
and  Tmax  is  in  between  30-32°C. 

Sugarcane  shoot  borer  (Chiloinfuscatellus  snellen):  Favourable  conditions 
are  T  max  =  37.8-41. 4°C,  T  min  =  24.4-3 1.1°C  RH-I  =  23-73%,  RH-II  =  16-61%. 

Colorado  potato  beetle  (Epilachna  philippinensis):  Very  active  at  temperature 
range:  16-27°C.  Annual  rainfall  of  600-1500  mm  is  favourable  for  its  optimum 
development.  Egg  laying  is  maximum  at  25°C  and  considerable  mortality  occurs 
at  30°C.  Incubation  period  is  5  days  at  30°C  and  19  days  at  12°C.  A  temperature 
of  38°C  is  lethal  for  larva.  Beetles  go  for  hibernation  when  temperature  falls  below 
12°C  and  can  tolerate  a  lowest  temperature  up  to  -4°C. 

Meteorological  Factors  in  Relation  to  Disease  Outbreak 

Important,  crops  viz.  rice,  wheat,  maize,  groundnut,  potato  etc.  are  affected 
by  various  diseases  at  different  growth  stages.  Extent  of  infection  of  some  of 
these  diseases,  in  a  particular  season,  goes  above  economic  threshold  level  (ETL), 
reducing  the  crop  yield  significantly.  Some  of  the  important  diseases  of  these 
crops  are  discussed  here  in  relation  to  their  weather  requirement. 

Rice  blast  disease  (Piricularia  oryzae):  It  is  a  fungal  disease.  The  environ- 
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mental  factors  such  as  humidity,  moisture  and  temperature  influence  the 
development  of  the  disease.  Temperature  of  around  20°C,  during  night,  alternate 
with  a  day  temperature  around  30°C  with  a  daylight  for  about  14  hr.  have  been 
found  to  predispose  the  crop  to  infection.  The  fungus  invades  the  rice  leaves 
most  rapidly  at  24-28°C.  A  high  relative  humidity  of  92%  and  above  and  free 
water  is  required  for  conidial  germination  and  infection.  In  general,  sunshine 
inhibits  the  development  of  the  blast  fungus  and  the  spores  do  not  germinate  in 
direct  sunlight.  Cloudy  overcast  weather  is  reported  to  encourage  blast  spread. 
Dewdrops  on  the  leaves  also  encourage  spore  germination  and  infection.  The 
fungal  spores  deposit  on  the  leaves  more  during  night  than  during  daytime  and 
the  amount  deposited  depends  upon  the  angle  of  the  leaf  to  the  stem  of  the 
plant.  Plants  with  leaves  in  vertical  position  trap  fewer  spores  than  the  ones  with 
slanting  and  horizontal  leaves.  In  India,  it  is  found  that  conidia  exhibit  a  nocturnal 
pattern  of  diurnal  periodicity,  with  peak  concentration  of  spore  dispersal  occurring 
around  4  a.m.  favoured  by  a  night  temperature  of  25-27°C  and  relative  humidity 
of  86-98%. 

Bacterial  blight  of  rice  (Anthomonas  oryzae):  A  combination  of  rainy 
weather,  dull  windy  days  and  an  atmospheric  temperature  of  22-26°C  are 
conducive  for  its  development.  Plants  in  shade  and  close-planted  crops  supplied 
with  high  doses  of  nitrogen  show  more  disease  incidence. 

Brown  spot  of  rice  (Cochliobotus  miyabeanus):  The  optimum  temperature  for 
the  germination  of  the  conidia  is  between  25-30°C  and  infection  occurs  when 
humidity  is  90%  or  more.  Spread  of  the  fungus  inside  the  host  is  reported  to  be 
greater  in  darkness  than  in  direct  sunlight.  Most  susceptible  stage  of  the  crop  is 
flowering  stage.  Heavy  and  late  southwest  and  northeast  monsoon  and  cloudy 
days  appear  to  favour  the  disease. 

Brown  rust  of  wheat  (Puccinia  recondita):  The  wheat  crop  is  affected 
adversely  at  temperature  less  than  20°C  but  moderately  warm  conditions  with 
temperature  more  than  20°C  and  light  rain  favours  the  disease  incidence. 

Loose  smut  of  wheat  (Ustilago  tritici):  Fungus  germinates  at  18-20°,  moderate 
attack  is  at  19°C  and  heavy  incidence  is  noticed  at  temperature  20°C. 

Karnal  bunt  of  wheat  (Neovossia  indica):  It  is  an  airborne  disease,  which 
becomes  epiphytotic  when  there  is  heavy  rain  and  the  soil  temperature  is  around 
15-20°C,  two  to  three  weeks  prior  to  flowering.  The  moisture  soaks  the  spores 
as  low  temperature  favours  spores  germination. 

Downy  mildew  of  Maize  (Sclerophthora  rayssiae):  Production  and 
germination  of  conidia  are  influenced  by  temperature,  humidity  and  light.  The 
optimum  temperature  for  both  production  and  germination  of  conidia  is  about 
25°C.  Conidia  are  not  produced  at  or  below  13°C  and  at  or  above  31°C. 
Germination  can  occur  even  at  10°C  or  34°C.  Free  water  is  essential  for  germination 
of  conidia. 

Tikka  disease  of  groundnut  (Mycosphaerella  berkeleyie):  If  there  is  enough 
precipitation  ensuring  free  water  on  the  leaves,  the  relative  humidity  about  90% 
and  temperature  around  20°C  for  6-7  days  during  the  growing  period  of 
groundnut,  the  onset  of  disease  can  be  predicted.  An  average  maximum 
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temperature  of  33°C,  average  minimum  temperature  of  20°C  and  monthly  rainfall 
of  88  mm  were  found  favourable  for  outbreak  of  this  disease. 

Late  blight  of  potato  (Phytophthora  infestans):  The  following  weather 
conditions  should  be  fulfilled  within  a  fortnight  before  an  outbreak  of  potato 
blight. 

1.  At  least  four  hrs.  of  dew  in  the  night 

2.  Minimum  temperature  during  night  below  10°C 

3.  Rainfall  of  at  least  0.1  mm  in  the  24  hr  following  the  dew  night. 

Sugarcane  smut  (Ustilago  scitaminea):  The  optimum  temperature  for  spore 
germination  is  about  25-30°C,  the  maximum  being  between  36-40°C  and  the 
minimum  between  5-9°C.  The  spores  are  killed  instantaneously  at  62°C,  but  in 
ice  they  survive  for  more  than  3  days.  For  spore  germination  100%  humidity  is 
essential.  The  spore  germination  is  completed  within  24  hrs  in  water  and  under 
dry  conditions  the  spores  remain  viable  for  more  than  seven  months  but  under 
moist  conditions  they  lose  their  viability  within  three  weeks. 

Apple  scab  (Venturia  inaequalis):  It  is  caused  by  fungus.  The  formation  of 
ascospores,  their  ripening  and  discharge  depends  upon  the  hours  of  leaf  wetness, 
temperature  and  weather  conditions.  Ascospore  discharge  occurs  after  rainfall. 
Infection  occurs  only  after  certain  condition  is  fulfilled. 

Criteria  for  development:  Leaf  wetness  period  (in  hours)  multiplied  by  mean 
temperature  (in  °C)  should  exceed  140  when  infection  is  probable.  This  is 
applicable  for  temperature  below  25°C  and  leaf  wetness  hours  are  nine  (9)  or 
more.  After  infection  and  incubation  time  of  three  to  four  weeks,  the  fungus  grows 
and  breaks  through  the  cuticle  and  visible  scab  develops. 

Downy  mildew  of  Grapevines  (Plasmopara  viticola):  The  optimum 
temperature  for  germination  of  sporangia  is  10-16°C  while  the  minimum  is  5°C. 
Under  conditions  of  the  optimum  temperature  and  humidity  germination  occurs 
within  an  hour. 

Alternaria  blight  of  cucurbits  (Alternaria  cucumerena):  The  disease  is  severe 
during  kharif  and,  that  in  the  winter  crop,  the  disease  does  not  develop  in  spite 
of  rains,  revealing  an  inhibitory  effect  of  low  temperature.  During  kharif,  disease 
incidence  was  seen  to  be  considerably  influenced  by  humid  weather  and  that 
epiphytotic  outbreaks  leading  to  crop  failure  occur  when  cloudy  weather  followed 
by  rains  prevailed  for  a  long  period.  It  was  further  found  that  spore  germination 
requires  relative  humidity  above  85%  and  were  optimum  between  25°and  28°C. 
A  minimum  period  of  nearly  48  hours  of  very  high  relative  humidity  is  required 
for  successful  infection. 
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QUESTIONS 

1  Briefly  explain  the  influence  of  weather  on  the  incidence  of  pests  on  important 
crops  of  your  state. 

2.  Briefly  explain  the  influence  of  weather  on  the  incidence  of  diseases  on 
important  crops  of  your  state. 

3.  What  are  the  favourable  conditions  for  infestation  of  Gall  midge  in  rice? 

4.  What  are  the  favourable  conditions  for  infestation  of  Spotted  boll  worm  in 
cotton? 

5.  What  are  the  weather  conditions  favourable  for  infestation  of  Shoot  borer  in 
sugarcane? 

6.  What  are  the  favourable  conditions  for  infestation  of  Colorado  beetle  in 
potato? 

7.  Enlist  the  favourable  conditions  for  infestation  of  Blast  disease  in  rice. 

8.  What  are  the  favourable  conditions  for  infestation  of  Loose  smut  in  wheat? 

9.  What  are  the  favourable  conditions  for  infestation  of  Downey  mildew  in 
maize? 

10.  What  are  the  favourable  conditions  for  infestation  of  Tikka  disease  in 
groundnut? 


14.  Drought 


JAYANT  SARKAR  and  M.P.  SHEWALE 


Drought  is  universally  acknowledged  as  a  phenomenon  associated  with  scarcity 
of  water.  It  is  the  consequence  of  a  natural  reduction  in  the  amount  of  precipitation 
over  an  extended  period  of  time,  usually  a  season  or  more  in  length,  often 
associated  with  other  climatic  factors  (viz.  high  temperatures,  high  winds  and  low 
relative  humidity  that  can  aggravate  the  severity  of  the  event. 

Meteorological  Drought 

Meteorological  drought  is  said  to  occur  when  there  is  a  prolonged  absence  or 
marked  deficiency  or  poor  distribution  of  precipitation  over  an  area.  Meteorologists 
define  drought  based  on  the  degree  of  dryness  and  the  duration  of  the  dry  period. 

In  India,  according  to  India  Meteorological  Department,  meteorological  drought 
over  an  area  is  defined  as  a  situation  when  the  seasonal  rainfall  received  over  the 
area  is  less  than  75%  of  its  long  term  average  value.  It  is  further  classified  as 
moderate  drought  if  the  rainfall  deficit  is  between  26-50%  and  severe  drought 
when  the  deficit  exceeds  50%  of  the  normal. 

There  are  25  drought  years  since  1875,  the  worst  year  being  1918  when  nearly 
70%  of  the  country  was  affected  by  drought.  The  latest  drought  occurred  in  1987 
which  affected  47%  area  of  the  country  (Fig  14.1). 


fjjj  MODERATE  DROUGHT  (RAINFALL  OEFFiCSENCY  28%  TO  80%  Of  NORMA M  O  SEVERE  DROUGHT  (RAINFALL  DEFFVCigNCY  EXEEDtNG  50%  OF  THE  NORMAL) 
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DROUGHT  YEAR  :  20%  OR  MORE  AREA  OF  THE  COUNTRY  AFFECTED  BY  MODERATE'  SEVERE/  MODERATE  ♦  SEVERE  DROUGHT 


Fig  14.1  Drought  year  in  India  with  percentage  of  the  area  affected  since  1875 

(based  on  June  to  September  rainfall) 
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Hydrological  Drought 

Hydrological  drought  occurs  when  the  surface  and  ground  water  resources 
are  too  inadequate  to  meet  the  demand  for  water. 

Agricultural  Drought 

It  occurs  when  available  soil  moisture  is  inadequate  for  healthy  crop  growth 
and  cause  extreme  stress  and  wilting. 

Considering  the  whimsical  nature  of  the  monsoon  rainfall  agricultural  drought 
can  be  anticipated  to  occur  at  any  time  within  the  crop  growth  period  of  the  rainfed 
crops.  Therefore,  five  distinct  categories  of  agricultural  drought  affecting  dry  land 
crop  production  have  been  identified  depending  upon  the  time  of  occurrence  of 
drought  as  described  below: 

Early  season  drought :  Early  season  droughts  occur  in  association  with  the 
delay  in  commencement  of  sowing  rains.  Sometimes,  early  rains  may  occur 
tempting  the  farmers  to  sow  the  crops  followed  by  a  long  dry  spell  leading  to 
withering  of  seedlings  and  poor  crop  stand  establishment. 

Mid  season  drought:  Mid  season  droughts  occur  in  association  with  the  breaks 
in  southwest  monsoon.  Drought  conditions  during  vegetative  crop  growth  phase 
might  result  in  stunted  growth,  low  leaf  area  development  and  even  reduced  plant 
population.  Some  of  the  crops  have  a  mechanism  of  regulating  leaf  area  to 
intercept  lesser  amount  of  solar  radiation  in  the  event  of  moisture  stress.  If 
drought  occurs  after  the  maximum  leaf  area  development,  there  will  be  rapid 
depletion  of  soil  moisture  as  the  water  requirement  of  the  crop  depends  upon  the 
solar  radiation  intercepted  by  the  crop  canopy.  Drought  during  early  reproductive 
stage  of  crop  growth  will  adversely  affect  grain  yield  as  the  accumulation  of  dry 
matter  in  the  storage  organs  takes  place  during  the  post  anthesis  period. 

Late  season  drought:  Due  to  early  cessation  of  rainy  season  sometimes  crops 
may  encounter  moisture  stress  during  its  reproductive  phase  which  leads  to  forced 
maturity  of  the  crop  due  to  rise  in  temperature.  The  grain  yield  of  the  field  crops 
is  highly  correlated  with  the  water  availability  during  the  reproductive  phase  of 
crop  growth.  Therefore,  late  season  droughts  have  to  be  characterized  based  on 
the  relationship  between  water  availability  to  the  crop  during  the  reproductive 
stage  of  crop  growth  and  grain  yield. 

Permanent  drought:  Permanent  drought  are  associated  with  inadequacy  of 
soil  moisture/rainfall  to  meet  the  water  requirements  of  the  crop  during  most  of 
the  year.  In  the  arid  and  even  in  some  of  the  seasonally  dry  tropical  regions, 
rainfall  is  somewhat  assured  for  a  shorter  period  of  just  6  or  7  weeks  or  even  less. 
In  these  regions,  crops  are  grown  for  subsistence,  although  the  rainfall  is  not 
adequate  to  grow  even  a  short  duration  crop  of  75-80  days.  Therefore,  the  crops 
will  be  often  subjected  to  moisture  stress  during  most  of  the  years,  wherever 
traditionally  post  monsoon  crops  are  grown,  the  crops  would  invariably  encounter 
moisture  stress  due  to  highly  variable  and  undependable  nature  of  rainfall  during 
the  post  monsoon  season.  Therefore,  droughts  are  common  and  frequent  in  some 
of  the  regions,  thus  qualifying  to  be  called  as  permanently  drought  prone 


areas. 
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Apparent  drought:  While  the  rainfall  in  the  region  may  be  adequate  for  one 
crop  but  may  not  be  so  for  others.  For  example,  paddy  is  grown  in  some  of  the 
sub-humid  regions  where  it  should  not  be  grown.  Whenever  there  is  failure  of 
rain  in  these  areas,  the  rainfall  may  not  be  sufficient  for  paddy  but  the  amount 
may  be  sufficient  for  some  other  crops  like  maize,  sorghum,  finger  millet  etc.  whose 
water  requirement  is  much  less  than  that  of  paddy.  Therefore,  apparent  drought 
conditions  are  encountered  due  to  the  wrong  selection  of  crops  not  commensurate 
to  the  rainfall/moisture  availability  patterns  in  some  of  the  regions. 

Agricultural  drought  can  also  be  grouped  into  following  3  categories. 

Atmospheric  drought:  Low  humidity  and  hot,  dry  dessicating  winds  even  under 
conditions  of  relatively  high  soil  moisture  frequently  cause  this.  Wilting  due  to 
atmospheric  drought  is  always  reversible  and  it  occurs  because  of  either  an  under¬ 
developed  root  system  or  their  physical  inability  to  conduct  water  fast  enough  to 
compensate  the  water  losses  from  the  leaves  and  tender  portions  of  plants  during 
the  stress  period.  In  this  type  of  drought  plants  may  recover  from  injury  when 
they  are  supplied  with  water,  though  the  dried  up  portions  do  not  recover. 

Soil  drought:  This  occurs  when  soil  moisture  lags  behind  evapotranspiration 
at  times  of  greatest  need  of  water  by  plants,  such  as  during  the  grand  growth 
period. 

Physiological  drought:  Due  to  some  physiological  aberrations  often  plant  roots 
fail  to  absorb  water  and  nutrients  from  soil  due  to  increased  concentration  of  soil 
solution  leading  to  this  kind  of  drought.  Presence  of  soluble  salts  in  soil  water 
increases  the  concentration  of  the  solution  and  hence  availability  of  water  to 
plants  is  reduced,  although  sufficient  water  remains  in  the  soil.  Similarly  presence 
of  certain  chemicals  in  the  soil  interferes  with  the  water  absorption  by  plants  e.g. 
humic  acid  restricts  the  water  absorption  in  bog  soils  and  the  term  is  used  as 
physiological  dryness  of  the  soil;  however,  plenty  of  water  remains  in  the  soil. 

Aridity  and  Drought 

People  generally  confuse  between  aridity  and  drought  though  these  two  are 
distinct  entities.  Persistent  drought  for  years  leads  to  aridity.  Like  drought,  aridity 
is  also  caused  by  lack  of  water.  But  the  similarity  ends  there.  Aridity  is  a  permanent 
climatic  situation  of  a  region.  It  is  usually  restricted  to  area  of  low  rainfall  and 
generally  high  temperature  though  there  are  cold  arid  zones  like  Ladakh.  The  arid 
zone  of  India  comprises  of  West  Rajasthan,  Kutch  and  parts  of  Saurashtra  in 
Gujarat.  Human  activities  in  the  arid  zone  get  adapted  to  the  perpetual  lack  of 
moisture. 

On  the  other  hand,  drought  is  a  temporary  phenomenon  and  often  subsides 
once  rainfall  of  sufficient  magnitude  occurs.  / 

Climate  Change  and  Drought 

Climate  changes  are  induced  by  a  number  of  natural  phenomena  over  which 
man  has  no  control,  but  man's  interventions  are  beginning  to  play  a  significant 
role  in  inducing  change  perhaps  in  amplifying  or  suppressing  natural  change,  as 
well.  The  most  important  mechanisms  of  climate  change  are  found  to  be  due  to 
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changes  in  the  supply  of  solar  energy,  changes  in  the  transmisivity  of  the 
atmosphere  for  both  incoming  and  outgoing  radiation  and  changes  in  land  use 
that  alter  the  radiation  balance.  Other  possible  causes  include  (1)  the  release  of 
heat  (thermal  pollution)  that  warms  the  lower  atmosphere  directly,  (2)  the  upward 
transport  of  chlorofluorocarbons  (CFCS)  and  nitrous  oxide  into  the  stratosphere, 
where  photochemical  reaction  of  their  dissociation  products  destroys  stratospheric 
ozone  with  a  consequent  increase  in  ultraviolet  radiation  of  the  surface  and  its 
inhabitants  and  (3)  the  release  of  trace  gases,  like  nitrogen  oxides,  carbon- 
monoxide,  or  methane,  that  increase  ozone  concentration  in  the  troposphere 
(lower  15  km  atmosphere  approximately)  by  photochemical  reactions.  Tropospheric 
ozone  causes  a  large  atmospheric  heating  that  enhances  both  solar  and  green 
house  heating  of  the  lower  atmosphere.  Schneider  and  Lender  (1984)  also  list 
large-scale  nuclear  war  as  a  potential  cause  of  climate  change.  Such  an  event  could 
lead  to  very  large  scale  injections  of  shoot  and  dust  into  the  troposphere  and 

9 

stratosphere,  causing  transient  cooling  that  might  last  for  weeks  to  months. 

Drought  can  be  considered  as  an  event,  which  is  a  part  and  parcel  of  the  normal 
range  of  climatic  conditions.  But  drought  can,  indeed,  be  a  manifestation  of  a 
persistent  climate  change  as  well.  Bryson  and  Murray  (1977)  opined  that  the 
decline  of  the  Indus  valley  civilization  that  once  thrived  in  what  is  now  the 
Rajasthan  or  Thar  desert  of  India  and  Pakistan  was  due  to  a  change  in  climate 
and  failure  of  monsoon  rains. 

Human  activities  are  also  found  to  be  exacerbating  drought  problem.  Bryson 
(1973)  was  of  the  view  that  increasing  atmospheric  turbidity  and  green  house 
warming  (due  to  C02)  both  of  which  are  attributed  to  man  might  be  implicated  as 
the  causes  of  the  Sahelian  droughts.  Deforestation,  largely  contributed  by  the 
anthropogenic  factors,  also  found  to  intensify  drought  conditions.  Chamey  (1975) 
was  of  the  view  that  an  increase  in  land  albedo  (reflectivity  for  solar  radiation) 
such  as  occur  when  land  is  denuded  of  vegetation  leads  to  a  decrease  in  net 
incoming  radiation  and  an  increase  in  the  radiative  cooling  of  the  air.  This  would 
cause  the  air  to  sink  resulting  in  suppressed  convective  activities  and  its' 
associated  rainfall.  Lower  rainfall  further  reduces  plant  cover,  raises  albedo,  and 
amplifies  the  effect. 

Causes  of  Drought 

Drought  is  a  regional  manifestation  of  a  general  climatic  fluctuations  associated 
with  the  abnormal  atmospheric  circulation  patterns.  Although  ultimate  causes  to 
account  for  circulation  changes  have  not  been  identified  with  certainty,  causal 
factors  include  any  or  all  of  the  following: 

Extraterrestrial  forces:  There  is  an  1 1  year  cycle  in  the  variation  of  annual 
mean  sunspot  number.  But  there  is  no  positive  evidence  of  such  a  cycle  in  the 
energy  output  of  the  sun.  If  such  cycle  exists,  the  atmospheric  circulation  would 
be  in  a  state  of  constant  readjustment  in  accordance  with  the  greater  or  lesser 
amount  of  solar  energy  reaching  the  earth.  As  the  readjustments  evolve,  drought 
would  probably  appear  first  in  one  region  than  in  another. 

Volcanic  activity:  The  injection  of  large  amount  of  ash  and  dust  into  the 
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atmosphere,  by  violent  volcanic  activity  may  alter  earth's  radiation  balance  and 
thereby  create  compensating  circulation  adjustments  which  include  climatic 
fluctuations  resulting  in  drought. 

Atmospheric  composition:  Changes  in  the  atmospheric  composition  e.g.  water 
vapour,  C02  and  03  would  modify  the  heat  balance  of  the  earth  and  in  turn  would 
produce  fluctuations  in  large  scale  circulation  pattern  resulting  in  drought. 

Interaction  in  earth-ocean-atmospheric  complex:  The  enormous  heat  storage 
capacity  of  the  ocean  and  obvious  energy  exchanges  that  take  place  between  the 
atmosphere  and  the  oceans  make  air-sea  interaction  a  likely  cause  of  climate 
fluctuations. 

Prediction  of  Drought 

The  most  important  and  difficult  aspect  is  the  prediction  of  drought  with 
reasonable  accuracy  sufficiently  well  in  advance.  For  this,  it  is  necessary  to  identify 
with  a  reasonable  degree  of  success  the  years  of  poor  rainfall  which  lead  to 
drought.  This  problem  finally  emerges  out  to  be  the  forecast  of  deficient  monsoon 
season  rainfall  and  its  distribution.  A  number  of  scientists  attempted  to  forecast 
drought  during  the  monsoon  season  over  India  from  antecedent  meteorological 
parameter  and  synoptic  features.  But  the  long  term  applicability  of  these  studies 
to  predict  monsoon  rainfall  is  almost  negligible.  Moreover,  major  studies  attempt 
to  forecast  total  seasonal  rainfall  or  its  departures  from  normal  which  are  of  little 
use  in  the  fields  like  agriculture.  The  parameters  considered  are  many  but  some 
of  them  notably  are  the  pre-monsoon  rainfall,  surface  pressure  anomalies,  surface 
temperatures  and  winds,  sea  surface  temperatures  and  oceanic  features; 
stratospheric  and  tropospheric  mean  circulation  features  and  associated  dynamic 
patterns;  solar  activity  and  solar  radiation  etc.  World  Meteorological  Organisation 
(WMO),  Geneva  and  its  member  countries  have  been  actively  engaged  in  searching 
for  methods  for  giving  reasonably  satisfactory  drought  prediction. 

Effect  of  Droughts 

Effect  of  drought  is  very  severe  in  the  areas  prone  to  drought. 

Droughts  have  an  immediate  effect  on  the  recharge  of  soil  moisture  and  they 
result  in  reduction  of  stream  flow  and  reservoir  levels,  which  in  turn  affects  power 
generation  and  irrigation.  During  drought  situations  temperatures  are  above  normal 
and  humidity  is  reduced. 

Drought  affects  recharge  of  ground  water,  reducing  irrigation  potential  and  even 
the  availability  of  drinking  water  in  wells.  In  1986,  drinking  water  shortage  occurred 
in  Maharashtra,  Karnataka  and  Rajasthan  because  either  the  wells  dried  up  or  the 
water  level  dropped  too  low.  In  regions  dependent  on  ground  water  for  irrigation, 
poor  farmers  are  affected  because  their  wells  are  shallow.  Rich  farmers  have  deeper 
wells  and  can  afford  higher  pumping  costs.  Thus,  drought  causes  greater 
disparities.  Since  many  canal  irrigation  projects  are  diversions  from  rivers,  a 
decrease  in  river  flow  further  limits  irrigation.  The  availability  of  water,  therefore, 
is  not  only  affected  during  monsoon  ( kharif)  but  also  in  winter  (rabi)  crop  season. 
When  drought  occurs  consecutively  for  2  years,  hydropower  generation  and 
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irrigation  are  adversely  affected. 

The  overall  effect  of  drought  is  a  reduction  in  the  productivity  of  dry  land 
crops.  The  percentage  departure  of  food  grain  production  over  the  country  in 
drought  years  and  that  in  following  years  reveals  that  food  grain  production  have 
invariably  taken  a  dip  in  drought  years  and  the  fall  is  the  largest  during  1979 
(-19%).  Dramatic  rise  in  the  food  production  has  generally,  been  noticed  in  the 
year  following  the  drought  with  most  of  the  cases  registering  increase  above  20%. 
The  largest  rise  is  observed  in  1988  during  which  bountiful  monsoon  increased 
food  grain  production  by  29.2%  than  in  1987  (Table  14.1)  (Chowdhury,  1992). 


Table  14.1  Percentage  change  in  foodgrains  production  in  years  of  monsoon  failure 
and  that  in  following  year 


Year 

Per  cent  departure 

Year 

Per  cent  departure 

1965 

-  1.9 

1967 

24.3 

1966 

-  12.6 

1973 

15.7 

1972 

-  7.0 

1975 

25.0 

1974 

-  12.8 

1980 

22.7 

1979 

-  18.9 

1983 

27.7 

1982 

-  12.0 

1988 

29.2 

1986 

-  6.7 

1987 

-  0.7 

Technological  Efforts  to  Mitigate  Drought  Effects 

These  include  following  interdisciplinary  approaches  which  are  described  as 
under: 

Engineering  approaches:  Engineering  approaches  are  aimed  at  soil  and 
moisture  conservation  through  regulated  run-off,  collection  of  surplus  rain  water, 
checking  evaporational  and  seepage  loss  of  water  and  recycling  of  collected  water 
for  life  saving  irrigation  etc.  These  could  be  considered  as  long  term  measures 
for  managing  drought  effectively.  For  achieving  these  objectives,  following 
practices  are  needed  to  be  undertaken: 

(a)  Contouring  across  the  slope 

(b)  Scooping  of  land 

(c)  Opening  ridges  and  furrows 

(d)  Compartmental  bunding 

(e)  Deep  summer  ploughing  followed  by  surface  tilling  during  rest  of  the  year 

(f)  Water  harvesting 

Physiological  approaches:  Physiological  approaches  of  alleviating  the  drought 
effects  aimed  at  reducing  transpiration,  encouraging  root  growth,  protecting 
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cytoplasmic  proteins  with  the  use  of  suitable  chemical  compounds  which  are 
according  to  their  roles  may  be  classified  as  under: 

(a)  Anti-transpirants 

(b)  Growth  retardant 

(c)  Radiation  reflectants 

(d)  Plant  hardening  compounds 

Genetic  approaches:  This  approach  for  reducing  the  adverse  impacts  of 
drought  aimed  at  developing  new  plant  types  which  possess  wider  adaptability, 
shorter  growth  duration,  drought  resistance  and  high  genetic  yield  potentiality. 
The  concentrated  efforts  of  our  plant  breeders  have  resulted  into  development  of 
several  new  plant  types  known  as  "Ideo  types"  in  modern  technology  which 
possess  all  the  required  characteristics  needed  for  stabilizing  crop  yield  under 
rainfed  areas  which  very  often  faces  the  onslaught  of  drought.  The  Ideo  types 
are  characterized  by  short  growth  duration,  effective  and  extensive  root  system, 
drought  tolerance,  high  yield  potentiality  having  altered  morphology  of  plants 
which  are  suited  to  dry  conditions.  Ideal  ideo  types  should  have  the  following 
characters  so  that  they  can  evade  or  escape  drought: 

(a)  Shorter  crop  growth  duration  and  early  vigour 

(b)  Deeper  root  system  with  maximum  ramification  of  roots  at  deeper  zone 

(c)  Dwarf  plant  types  with  lesser  number  of  erect  leaves  and  lesser  number 
of  stomata 

(d)  Thick  stems 

(e)  Moderate  tillering  with  synchronous  growth  habit.  Profuse  tillering  causes 
competition;  therefore,  it  is  not  good  from  the  view  point  of  drought 
tolerance. 

(f)  Resistance  to  diseases 

(g)  Lesser  period  between  flowering  and  maturity  so  that  the  grain  filling  is 
least  affected  by  moisture  stress  condition. 

(h)  Effective  photosynthetic  behaviour  with  greater  sink  capability. 

Agronomic  approaches:  Agronomic  approaches  like  reorientation  of  cropping 
pattern,  use  of  suitable  crop  cultivars,  moderate  fertilizer  use,  adoption  of 
intercropping,  protective  or  life  saving  irrigation,  contingent  crop  planning  etc. 
can  be  considered  as  very  effective  short-term  measures  in  alleviating  adverse 
effects  of  drought  on  crops. 
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QUESTIONS 

1.  What  are  the  causes  of  drought? 

2.  What  are  the  technological  efforts  to  mitigate  drought  effects? 

3.  Write  short  notes  on: 

a.  Meteorological  drought 

b.  Agricultural  drought 


15.  Climatic  Classification 


N.L.  BOTE  and  P.  BALAKRISHNA  PILLAI 


Climate  is  made  up  of  so  many  elements,  some  of  which  are  highly  variable 
from  day  to  day  and  from  season  to  season.  There  is  spatial  and  temporal  variation 
in  climate.  Different  combinations  of  a  process  exist.  The  combined  effects  of  the 
climatic  elements  resulting  in  a  homogeneous  set  of  conditions  constitute  a  climatic 
type.  Different  regions  of  same  climatic  type  are  known  as  iso-climatic  regions. 
The  method  of  identifying  such  regions  is  called  climatic  classification. 

It  is,  however,  very  difficult  to  determine  upon  any  system  of  classification  of 
climates  that  will  be  both  simple  and  accurate.  For  example,  in  case  of  temperature, 
if  we  should  use  the  mean  annual  temperature  as  a  basis  of  defining  climatic 
regions,  we  should  have  no  adequate  idea  of  the  range  of  temperature  nor  of  the 
extremes  and  variability  of  the  temperature.  It  is  conceivable  that  a  moderately 
simple  and  accurate  map  of  temperature  regions  of  the  world  could  be  made,  based 
upon  extremes  of  temperatures  as  well  as  upon  averages  and  ranges.  Similarly, 
the  regional  maps  could  be  made  embodying  the  important  phases  of  precipitation, 
sunshine,  cloudiness,  wind  direction  and  speed,  relative  humidity  etc.  To  obtain 
a  complete  classification  which  would  embrace  all  the  elements,  it  would  be 
necessary  to  superimpose  each  of  the  maps  upon  a  new  map,  which  would 
ultimately  make  it  more  and  more  complex.  Thus,  great  difficulty  is  always 
encountered  in  attempting  to  make  a  classification  of  climates  which  is  both  simple 
and  accurate. 

Whatever  the  basis  of  division  for  the  various  climates  recognised,  the  broad 
objectives  of  the  climatic  classification  are: 

1.  To  establish  different  types  of  climate  found  on  the  earth, 

2.  To  establish  relationship  among  the  types  of  climate, 

3.  To  extend  application  of  the  classification  to  the  whole  world  or  the  portions 
thereof,  and 

4.  To  provide  a  basic  structure  for  further  subdivisions  for  specific  purposes. 

Agroclimatic  classification  is  a  technique  that  allows  the  simplification  and 
generalization  of  climatic  data  to  define  climatic  types  in  terms  of  basic  climatic 
parameters  so  that  it  may  evolve  homogeneous  and  rational  climatic  regions.  This 
zoning  may  help  to  adjust  cropping  season  according  to  moisture  or  temperature 
regime.  When  superimposed  on  the  soils  of  a  place  or  an  area,  it  brings  out 
agroclimatic  zoning  in  terms  of  climatic  parameters  and  soils  and  these  zones 
indicate  ecological  conditions  and  agricultural  potential  in  respect  of  temperature 
or  moisture  conditions. 

Several  climatic/agroclimatic  classifications  have  been  developed.  Each  of  these 
classifications  has  qualitative  or  quantitative  criteria,  or  both,  for  delimitation  of 
its  climates.  Some  of  the  important  classifications  are  discussed  below  : 
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Koppen’s  Classification 

The  classification  suggested  by  Koppen  (1936)  is  based  on  annual  and  monthly 
means  of  temperature  and  precipitation  and  the  types  of  native  vegetation 
associated  with  them.  Koppen  divided  the  world  climate  into  five  major  types 
labelled  by  capital  letters  A,  B,  C,  D  and  E.  Climates  in  the  B  category  are  termed 
'dry'  since  the  potential  evapotranspiration  during  an  average  year  exceeds  the 
precipitation;  the  other  four  categories  are  considered  'moist',  since  the  precipitation 
during  an  average  year  exceeds  the  potential  evapotranspiration.  These  five 
categories  can  be  explained  as  follows  : 

A  :  tropical  rainy  climate  with  no  cool  season;  Mean  temperature  of  each  month 
more  than  1 8°C  throughout  the  year. 

B  :  dry  climate  with  no  temperature  limitations. 

C :  mesothermal  (intermediate  heat)  middle  latitude  rainy  climate;  mean 
temperature  of  the  coldest  month  less  than  18°C  but  above  -3°C  and  mean 
temperature  of  at  least  one  month  above  10°C. 

D  :  microthermal  (small  or  little  heat)  middle  latitude  rainy  climates  with  severe 
winter;  the  same  as  C  except  that  the  coldest  month  has  mean  temperature 
below  -3°C. 

E  :  arctic  or  polar:  mean  temperature  of  the  warmest  month  below  10°C;  very 
short  and  cool  growing  season  (tundra  climate)  or  all  months  below  freezing 
(ice  cap  or  perpetual  frost  climate). 

Each  of  the  above  major  or  primary  types,  with  the  exception  of  E,  is  subdivided 
into  two  or  more  secondary  categories  by  the  addition  of  a  second  letter  (  capital 
letters  with  B  climates  and  small  letters  with  A,  C,  and  D  climates  ).  Each  of  these 
secondary  letters  deals  with  some  aspect  of  moisture. 

As  used  with  the  A  climates  : 

f  :  moist;  all  the  months  have  precipitation  more  than  60  mm. 

m :  monsoon;  has  excessively  heavy  rainfall  during  some  months  which 
compensates  for  one  or  more  months  of  less  than  60  mm. 

w  :  winter  dry  period;  driest  month  has  less  than  60  mm  mean  precipitation; 
total  yearly  amount  is  less  than  that  of  m. 

As  used  with  B  climates  : 

S  :  Steppe;  semi-arid. 

W  :  desert;  arid. 

As  used  with  the  C  and  D  climates  : 

f  :  moist;  precipitation  well  distributed  throughout  the  year. 

w  :  winter  dry  period;  mean  precipitation  of  the  driest  month  of  the  winter  half 
of  the  year  less  than  one-tenth  that  of  the  wettest  month  of  the  summer 
half  of  the  year. 

s  :  summer  dry  period;  mean  precipitation  of  the  driest  month  of  the  summer 
half  of  the  year  less  than  40  mm  and  less  than  one-third  that  of  the  wettest 
month  of  the  winter  half  of  the  year. 
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The  B,  C  and  D  climates  are  still  further  subdivided  into  a  tertiary  category  by 
addition  of  a  third  small  letter.  Each  of  these  tertiary  letters  deals  with  some  further 
aspect  of  temperature. 

As  used  with  the  B  climates  : 

h  :  hot;  mean  annual  temperature  above  1 8°C. 
k  :  cool  or  cold;  mean  annual  temperature  below  1 8°C. 

As  used  with  the  C  and  D  climates  : 

a  :  hot  summer;  mean  temperature  of  the  warmest  month  above  22°C. 

b  :  warm  summer;  mean  temperature  of  the  warmest  month  below  22°C;  at 
least  four  months  with  mean  temperature  of  10°C  or  more. 

c  :  cool  summer;  mean  temperature  of  the  warmest  month  below  22°C;  one 
to  three  months  with  a  mean  temperature  of  10°C  or  more. 

As  used  with  the  D  climates  alone  : 

d  :  severe  winter;  mean  temperature  of  the  coldest  month  below  -  38°C. 
Summary  of  the  chief  types  of  climate  with  their  characteristics  are  as  follows: 
Af  :  All  months  hot  and  moist. 

Am  :  All  months  hot;  some  months  excessively  moist,  which 


Aw 

BSh 

BWh 

BSk 

BWk 

Cwa 

Cwb 

Csa 

Csb 

Cfa 

Cfb 

Cfc 

Dfa 

Dwa 

Dfb 

Dwb 

Dfc 

Dwc 

Dfd 

Dwd 

E 


compensates  for  one  to  three  dry  months. 

All  months  hot;  summer  rains  and  winter  droughts. 

Hot  and  semiarid  (hot  steppe). 

Hot  and  arid  (hot  desert). 

Cold  winters;  semiarid  (cool  or  cold  steppe). 

Cold  winters;  arid  (cool  or  cold  desert). 

Hot,  moist  summers;  mild,  dry  winters. 

Warm,  moist  summers;  mild,  dry  winters. 

Mild,  Moist  winters;  hot,  dry  summers. 

Mild,  moist  winters;  warm,  dry  summers. 

Hot  summers,  mild  winters;  all  months  moist. 

Warm  summers,  mild  winters;  all  months  moist. 

Cool  summers,  mild  winters;  all  months  moist. 

Cold  winters,  hot  summers;  all  months  moist. 

Cold,  dry  winters;  hot,  moist  summers. 

Cold  winters,  warm  summers;  all  months  moist. 

Cold,  dry  winters;  warm,  moist  summers. 

Cold  winters;  short,  cool  summers;  all  months  moist. 

Cold,  dry  winters;  short,  cool  and  moist  summers. 

Severe  winters;  short,  cool  summers;  all  months  moist. 

Severe,  dry  winters;  short,  cool,  and  moist  summers. 

Polar  or  arctic  climate  :  very  short  and  cool  growing  season 
(tundra  climate)  or  all  months  below  freezing  (icecap  or  perpetual 
frost  climate). 
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One  of  the  important  contributions  of  Koppen's  classification  is  the  subdivision 
of  dry  climatic  areas  into  tropical  and  middle  latitude  zones  using  the  average 
monthly  temperature  as  the  distinguishing  feature  instead  of  latitudinal  boundaries 
followed  in  geography.  However,  his  method  has  some  limitations.  Neither  the 
continuity  of  rainfall  nor  its  adequacy  or  otherwise  to  meet  the  evapotranspiration 
needs  of  crops  was  considered  by  him.  It  has,  therefore,  been  of  very  little  use 
in  assessing  the  agricultural  potential  of  an  area. 

Thornthwaite's  Rational  Classification  (1948) 

Thornthwaite  (1948)  improved  upon  Koppen's  method  by  introducing  the 
concept  of  water  balance  in  his  classification.  He  devised  an  elaborate  method 
for  computation  of  potential  evapotranspiration.  He  estimated  the  soil  water 
balance  with  the  help  of  monthly  potential  evapotranspiration  and  precipitation 
and  compared  the  potential  evapotranspiration  with  precipitation  in  order  to  obtain 
a  moisture  index.  It  was  assumed  that  the  soil  has  a  capacity  of  100  mm  water  for 
the  puipose  of  evapotranspiration  and  whenever  precipitation  (P)  falls  short  of 
the  water  need  (i.e.  potential  evapotranspiration,  PE),  the  shortage  can  be  made 
good  from  the  stored  soil  moisture  so  long  as  it  is  available;  when  P  is  in  excess 
of  PE,  the  excess  will  go  first  to  recharge  the  soil  to  its  capacity  and  the  remaining 
will  go  as  a  surplus.  Since  the  water  surplus  (s)  and  water  deficiency  (d)  occur  at 
different  seasons  in  most  places,  both  must  enter  into  a  moisture  index,  one 
affecting  it  positively  and  the  other  negatively.  Although  a  water  surplus  in  one 
season  cannot  prevent  a  deficiency  in  another,  the  former  *  may  compensate  the 
latter  to  a  certain  extent,  for  surplus  means  seasonal  addition  to  subsoil  moisture 
and  ground  water.  So,  deep-rooted  perennials  and  trees  make  partial  use  of  this 
water  surplus  and  thus  minimize  the  effect  of  drought.  Transpiration  proceeds, 
but  at  a  reduced  rate.  For  this  reason,  Thornthwaite  assumed  that  a  surplus  of  6 
inches  in  one  season  will  counteract  a  deficiency  of  10  inches  in  another.  Thus 
he  gave  greater  weightage  to  the  humidity  index  than  the  aridity  index  in  the  climatic 
classification.  He  defined  humidity  index,  aridity  index  and  moisture  index  as 
under. 


Humidity  idex  Ih  =100  s/n 
Aridity  index  Ia  =100  d/n 


Moisture  index  Im  =  Ih  -  0.6  Ia  =  (100  s  -  60  d)  /  n  ...  (15.3) 

where,  s  is  water  surplus,  d  is  water  deficiency,  and  n  (i.e.  PE)  is  water  need. 

On  the  basis  of  this  moisture  index,  he  determined  the  following  climatic  types 
by  the  criteria  indicated  beside  each. 


Climatic  types 
A  -  Perhumid 


Moisture  index 
100  and  above 


B4  -  Humid 
B3  -  Humid 
B2  -  Humid 
B1  -  Humid 


80  to  100 
60  to  80 
40  to  60 
20  to  40 
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C2  -  Moist  subhumid 

Cl  -  Dry  subhumid 

D  -  Semi-arid 

E  -  Arid 


Oto  20 

-  20  to  0 

-  40  to  -  20 

-  60  to  -  40 


In  moist  climates,  if  there  is  a  dry  season,  it  is  necessary  to  know  how  dry  it 
is,  and  in  dry  climates  to  know  how  wet  a  wet  season  is.  Water  deficiency  in 
moist  climates  or  surplus  in  dry  may  be  large,  moderate,  small  or  nonexistent. 
Accordingly,  Thomthwaite  classified  further  subdivisions  in  terms  of  humidity 
and  aridity  indices. 

Thomthwaite's  method  for  determining  potential  evapotranspiration  specifies 
it  as  an  expression  of  daylength  as  well  as  of  temperature.  Therefore,  the  potential 
evaporanspiration  can  be  used  as  an  index  of  thermal  efficiency  (T-E  Index) 
expressing  plant  growth  and  devlopment  in  terms  of  the  water  need.  Hence, 
Thomthwaite  has  also  given  sub-classifications  based  on  thermal  efficiency. 

Based  on  Thomthwaite's  method,  Subrahmanyam  (1956)  and  Carter  (1954) 
classified  India’s  climate  into  6  regions,  i.e.,  arid,  semi-arid,  dry  subhumid,  moist 
subhumid,  humid,  and  perhumid,  and  5  thermal  efficiency  types. 

Thomthwaite  and  Mather’s  Revised  Classification  (1955) 

Thomthwaite's  1948  system  was  further  improved  by  Thomthwaite  and  Mather 
(1955)  by  modifying  the  earlier  assumptions.  They  introduced  revised  procedure 
for  the  assumption  of  the  moisture-holding  capacity  of  the  soil  as  well  as  for  the 
rate  of  utilization  of  soil  moisture  for  evapotranspiration  when  P  falls  short  of  PE, 
for  the  moisture-holding  capacity  of  a  soil  depends  on  its  depth,  texture  and 
structure.  Further,  as  the  soil  dries,  it  becomes  difficult  for  the  additional  water  to 
become  available  from  storage  to  make  up  the  deficiency  caused  by  the  excess  of 
PE  over  P.  So  Thomhwaite  and  Mather  increased  the  moisture-holding  capacity 
of  the  soil  from  100  mm  to  300  mm  and  also  introduced  an  exponential  depletion 
pattern  of  soil  moisture  during  dry  periods.  They  assumed  the  following 
relationship: 


S  =  F.  eAXF 


...  (4) 


where,  S,  Soil  moisture  storage; 

A,  accumulated  potential  water  loss, 

i.e.,  accumulated  values  of  PE-P  over  different  periods, 

F  =  Field  capacity. 

Taking  logarithm  we  get 


Log  S  =  log  F  +  A/F 

Expression  of  this  in  differential  form,  produces 
A  S  /  S  =  a  A/F 
Hence,  aS  =  (S/F).  aa 


...(5) 


...  (6) 
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where,  =  amount  available  from  soil  moisture  storage  for  evapotranspiration 

A  A  =  the  PE-P  value  for  the  period  concerned.  ...  (7) 

Thus,  ultimately  we  get  a  linear  model,  implying  that  the  change  in  soil  moisture 
storage  that  will  be  available  for  making  up  the  deficiency  for  the  period  concerned 
is  equal  to  :  (Storage/field  capacity)  *  deficiency. 

Another  change  made  by  Thornthwaite  and  Mather  in  Thornthwaite's 
classification  is  the  elimination  of  the  weighing  factor  of  0.6  for  the  aridity  index 
in  the  moisture  index  formula  so  that  moisture  index  I  is  now  defined  as  I.  - 1 , 
where  Ih  is  the  humidity  index  and  Ia  is  the  aridity  index.  Using  average  annual 
data  we  get  : 

s  =  P  -  AE  ...  (8) 

d  =  PE  -  AE  ...  (9) 

where  P,  rainfall  and  AE,  actual  evapotranspiration  =  P  +  AS 
Thus  the  revised  moisture  index  can  be  written  as: 

I  =1.-1  ...(10) 

m  h  a  v  7 

=  100  [(s— d)/n] 

=  100  [(P-AE-PE+AE)/PE] 

=  100  [(P-PE)/PE]  ...(11) 

The  moisture  regions  according  to  this  revised  classification  are  as  follows: 


Climatic  type 

Moisture  index 

A  - 

Perhumid 

100  and  above 

B  4  - 

Humid 

80  to  100 

B  3  - 

Humid 

60  to  80 

B  2  - 

Humid 

40  to  60 

B  1  - 

Humid 

20  to  40 

C  2  - 

Moist  subhumid 

0  to  20 

Cl  - 

Dry  subhumid 

-  33.3  to  0 

D  - 

Semi-arid 

-  66.7  to  -  33.3 

E  - 

Arid 

-  100  to -66.7 

One  obvious  limitation  in  the  1955  formulation  is  the  omission  of  AE  based  on 
the  actual  water  balance  from  the  specification  of  limits  for  different  climatic  types. 
The  limits  depend  only  on  annual  P  and  PE.  The  aridity  and  humidity  indices  for 
defining  seasonal  variation  of  effective  moisture  thermal  efficiency  and  its 
concentration  are,  however,  the  same  as  those  of  the  1948  classification. 

Subrahmanyam  et  al.  (1965)  adopted  the  modified  criteria  for  mapping  climates 
of  India  in  terms  of  moisture  and  thermal  regions.  Rao  et  al.  (1972)  classified  India's 
climate  according  to  the  Thornthwaite  and  Mather  method.  However,  in  the  water 
budgeting  procedure  they  used  the  potential  evapotranspiration  values  computed 
by  Penman's  method  (1948). 
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Hargreave’s  Classification 

Hargreave's  (1971)  proposed  a  classification  of  climates  on  the  basis  of  the 
degree  of  moisture  adequacy.  He  used  monthly  probabilistic  rainfall  value  at  75% 
probability  level  (dependable  rainfall)  instead  of  normal  rainfall  and  defined  the 
Moisture  Availability  Index  (MAI)  as: 

MAI  =  DP/PE  ...(12) 

where,  DP,  dependable  precipitation; 
i.e.  rainfall  value  expected  at  75%  probability  level 
PE  =  estimated  potential  evapotranspiration 

He  computed  the  crop  growing  period  on  the  basis  of  monthly  MAI.  The 
period  when  MAI  is  less  than  0.34  has  been  considered  by  him  unsuitable  for 
growing  crops.  The  emphasis  is  on  how  continuous  and  long  is  the  period  during 
which  the  MAI  is  greater  than  0.34.  He  classified  the  climates  into  four  groups 
as  under: 


MAI 

Climate 

Suitability  to  agriculture 

1.  0.00  to  0.33  during 

very  arid 

Not  suitable  for  rainfed 

all  months 

agriculture. 

2.  0.34  or  above  for 

arid 

Limited  suitability  for 

1  to  2  months 

rainfed  agriculture. 

3.  0.34  or  above  for 

semi-arid 

Crops  requiring  3  to  4 

3  to  4  consecutive 

months  growing  period 

months 

could  be  raised. 

4.  0.34  or  above  for 

wet-arid 

Suitable  for  long  duration 

5  or  more  months 

crops. 

Hargreaves  (1975)  also  gave  the  following  moisture  deficit  classifications. 

MAI 

Class 

0.00  to  0.33 

Very  deficient 

0.34  to  0.67 

Moderately  deficient 

0.68  to  1.00 

Somewhat  deficient 

1.00  to  1.33 

Adequate  moisture 

>  1.34 

Excessive  moisture 

Hargreave's  classification  provides  answer  to  a  number  of  important  agricultural 
questions,  such  as  the  risk  involved,  the  degree  of  moisture  inadequacy  and 
identification  of  the  crop  growing  periods  etc.  But  there  are  three  major 
shortcomings  in  it  as  given  below. 

1)  month  as  a  unit  of  time  which  is  too  long  a  period, 

2)  consideration  of  only  one  probability  level  i.e.  75%  which  is  too  high  a 
limit  for  low  rainfall  areas,  and 

3)  assumption  that  fair  growth  can  take  place  at  all  the  growth  stages  of  the 
crop  when  moisture  supply  (precipitation)  is  hardly  one-third  of  potential 
evapotranspiration. 
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Sarker  and  Biswas  (1986)  improved  Hargreave's  methodology  by  introducing 
three  modifications,  viz.,  (i)  Weekly  MAI  rather  than  monthly,  (ii)  different  risk 
factors  (probability  levels),  instead  of  one,  so  that  the  planner  could  choose  his 
own  risk  level,  and  (iii)  MAI  >  0.3  and  >  0.7,  depending  upon  the  crop  growth 
phase. 

On  the  basis  of  the  weekly  MAI  at  50%  probability  level  called  Optimum 
Moisture  Availability  Index  (OMAI),  they  gave  a  broad  classification,  which  was 
further  subdivided  according  to  the  duration  of  water  stress  period. 

Classification  According  to  Rainfall  Criteria 

Annual  rainfall  is  no  index  of  the  distribution  pattern  in  different  months  of 
the  year.  Since  cropping  depends  on  distribution,  the  National  Agricultural 
Commission  (1976)  delineated  the  country  into  different  rainfall  groups  and  chose 
limits  that  have  a  closer  relation  with  crop  development.  Since  the  time-span  of 
most  of  the  crops  is  usually  more  than  90  days,  the  following  limits  were  chosen 
by  them: 

A.  Rainfall  more  than  30  cm  per  month  for  at  least  three  consecutive  months 
would  be  suitable  for  high  water  requirement  crops  like  paddy. 

B.  Rainfall  of  20  to  30  cm  per  month  consecutively  for  at  least  3  months  will 
be  suitable  for  medium  water  requirement  crops,  like  maize,  blackgram,  ragi, 
groundnut,  etc. 

C.  Rainfall  of  10  to  20  cm  per  month  consecutively  for  at  least  3  months  is 
suitable  for  low  water  requirement  crops  like  jowar,  bajra  and  small  millets. 

D.  Rainfall  of  5  to  10  cm  per  month  for  at  least  3  consecutive  months  is  suitable 
for  drought  resistant,  short  duration,  low  water  requirement  crops  like 
beans  and  grasses. 

E  Rainfall  less  than  5  cm  per  month  is  not  of  much  significance  for  crop 
production  unless  irrigation  is  assured. 

To  designate  the  above  rainfall  pattern  they  used  the  following  symbols  : 

Symbol  Monthly  Rainfall  (cm) 

A  >30 

B  20-30 

C  10-20 

D  5-10 

E  <5 

To  denote  the  monthly  distribution  of  rainfall  over  the  year,  the  monsoon 
months  (June  -  September)  are  placed  at  the  centre  in  brackets.  The  four  post¬ 
monsoon  months  (October  -  January)  are  placed  at  the  right  and  the  four  pre¬ 
monsoon  months  (February  to  May)  at  the  left  without  brackets.  The  number  of 
the  months  receiving  the  quality  of  rainfall  as  per  symbol  is  given  in  the  subscript 
with  all  numbers  totalling  12.  According  to  rainfall  distribution,  cropping  patterns 
in  kharif  and  rabi  were  suggested  even  up  to  block  levels. 


176 


Agricultural  Meteorology 


Example  :  E4  (B1  A2  Bl)  D1  E3 

The  four  monsoon  months  (June  to  September)  are  placed  in  bracket  at  the 
centre.  First  month  of  monsoon,  viz.,  June  is  B  type,  i.e.  monthly  rainfall  is  20  to 
30  cm;  next  two  months  (July  and  August)  are  A  type  and  one  month  (September) 
is  of  B  type.  The  four  post-monsoon  months  (October-January)  in  sequence  are 
characterised  as  D1  E3  at  the  right  of  the  bracket  which  mean  that  October  is  D 
type  and  subsequent  3  months,  viz.  November,  December  and  January  are  E  type. 
Before  the  bracket  occurs  E4  which  means  that  all  four  pre-monsoon  months 
(February  to  May)  are  E  type  and  have  rainfall  less  than  5  cm  per  month. 

Agroclimatic  Regions  of  India 

During  the  year  1989,  the  planning  commission  made  an  attempt  to  delineate 
India  into  different  agroclimatic  regions.  Based  on  the  similarity  in  rainfall, 
temperature,  soil  topography,  cropping,  farming  system  and  water  resource,  India 
has  been  divided  into  fifteen  agro-climatic  regions. 

Western  hintalayan  region:  This  region  comprises  Jammu  and  Kashmir, 
Himachal  pradesh  and  hills  of  Uttar  Pradesh.  Soil  types  are  skeletal  soils  of  cold 
region,  mountain  meadow,  and  hilly  brown  soils.  The  soils  are  generally  silty  loam. 
The  cropping  intensity  is  the  lowest  in  Jammu  and  Kashmir  and  highest  in 
Himachal  pradesh.  The  productivity  level  is  lower  than  all  India  level. 

High  rainfall  region:  It  comprises  Sikkim  and  Darjeeling  hills,  Arunachal 
Pradesh,  Meghalaya,  Nagaland,  Manipur,  Tripura,  Mizoram,  Assam,  Jalpaiguri  and 
Coochbehar  districts  of  West  Bengal.  The  region  has  high  rainfall  and  high  forest 
cover.  The  soils  are  degraded  due  to  heavy  runoff  and  heavy  soil  erosion.  The 
very  high  rainfall  with  severe  intensity  causes  the  major  problem.  This  area  has  a 
high  potential  for  agriculture,  forestry  and  horticulture.  This  area  offers  plenty  of 
scope  for  development  of  integrated  farming  system. 

Lower  gangetic  plains:  This  region  in  west  Bengal  consists  of  four  sub 
regions,  viz,  Basind  plains,  central  alluvial  plains,  alluvial  coastal  plains  and  Rark 
plains.  Ground  water  utilization  in  this  region  is  more  than  35%.  This  zone  accounts 
for  about  12%  of  countries  rice  production.  Frequent  floods  often  destroy  the 
crops.  There  is  a  lot  of  scope  for  development  of  minor  irrigation  projects. 

Middle  gangetic  plains:  This  zone  comprises  1 2  districts  of  eastern  UP  and 
27  districts  in  Bihar  plains.  This  zone  has  a  geographical  area  of  16  million  hectares. 
The  rainfall  is  high  and  61%  of  the  area  is  under  rainfed  farming.  The  cropping 
intensity  is  142%.  In  Bihar  plains,  the  flood  prone  area  is  estimated  to  be  about 
17  lakh  hectares.  Productivity  of  rice  is  low.  This  zone  has  a  scope  for  integrated 
farming  systems  like  dairying  ,  Fisheries,  etc. 

Upper  gangetic  plains:  This  zone  consists  of  32  districts  divided  into  3  sub 
zones,  There  is  the  9  lakh  hectares  of  problem  soils.  The  zone  has  131%  irrigation 
intensity  and  144  per  cent  cropping  intensity.  A  good  potential  for  groundwater 
use  exists.  The  productivity  of  wheat  and  rice  is  fairly  high.  This  zone  offers  scope 
for  development  of  horticultural  crops. 

Trans  gangetic  plains:  This  region  includes  Punjab,  Haryana,  Union  territories 
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of  Delhi  and  Chandigrah  and  Sriganganagar  in  Rajasthan.  The  major  characteristics 
of  this  zone  are;  highest  net  area  sown,  highest  irrigated  area,  high  cropping 
intensity  and  high  ground  water  utilization.  This  area  has  witnessed  a  remarkable 
agricultural  revolution.  Still  there  are  possibilities  to  increase  the  productivity  levels 
at  par  with  advanced  countries. 

Eastern  plateau  and  hills:  This  region  includes  the  following  sub  zone:  (i) 
Madhya  pradesh  eastern  hills  and  Orissa  inlands;  (ii)  Northern  Orissa  and  Madhya 
pradesh  eastern  hills  and  plateau;  (iii)  Chotanagpur  North  and  eastern  hills;  (iv) 
Chotanagpur  South  and  west  Bengal  hills;  and  (v)  Chattisgarh  and  south  western 
Orissa  hills.  The  soils  of  this  region  are  shallow  to  medium  in  depth.  The 
topography  of  the  land  is  undulating  with  a  slope  from  1  to  10%.  In  kharif,  82% 
of  the  area  is  under  rice  and  in  rabi ,  52%  is  under  oil  seeds.  The  productivity  of 
crops  is  low  because  rainfall  is  relatively  low.  Water  harvesting  techniques  are 
possible. 

Central  plateau  and  hills :  This  zone  comprises  46  districts  of  Madhya 
Pradesh,  Uttar  Pradesh  and  Rajasthan.  The  topography  is  highly  variable.  Nearly 
one-third  of  the  land  is  not  available  for  cultivation.  Irrigation  and  intensity  of 
cropping  is  low.  About  75%  of  the  area  is  rainfed  with  low  value  cereal  crops. 
There  is  an  intensive  need  for  alternate  high  productive  crops  including 
horticultural  crops. 

Western  plateau  and  hills :  This  zone  comprises  the  major  part  of  Maharashtra, 
parts  of  Madhya  Pradesh,  and  parts  of  Rajasthan.  It  is  divided  into  four  sub 
zones.  This  region  forms  the  major  part  of  peninsular  India.  The  average  annual 
rainfall  is  904  mm.  The  irrigated  area  is  only  12.4%.  Sorghum  and  Cotton  are  the 
major  crops.  In  fact,  50%  of  the  countries'  sorghum  production  is  produced  from 
this  region.  This  is  known  for  the  best  quality  of  oranges,  grapes  and  bananas. 
The  scope  for  growing  high  value  crops  is  quite  good. 

Southern  plateau  and  hills:  This  zone  comprises  35  districts  of  Andhra 
pradesh,  Karnataka  and  Tamil  Nadu,  This  is  a  typical  semiarid  zone.  Rainfed  farming 
is  practiced  in  about  81%  of  the  area.  The  cropping  intensity  is  low  (11%).  Low 
value  cereals  and  minor  millets  are  common  in  the  cropping  system.  There  is  a  lot 
of  scope  for  crop  diversification  including  more  of  horticultural  crops. 

East  coast  plains  and  hills:  This  zone  consists  of  6  sub  zones:  (1)  Orissa  coast; 
(ii)  North  coastal  Andhra  Pradesh;  (iii)  North  costal  Tamil  Nadu;  (iv)  Thanjavur, 
and  (v)  south  coastal  Tamil  Nadu.  This  zone  accounts  for  20.3%  of  India's  rice 
production  and  17%  of  groundnut.  Alkaline  and  saline  soils  are  found  in  coastal 
areas.  Nearly  70%  of  the  area  is  under  rainfed  farming.  This  zone  has  2000  km  of 
coastline  and  many  inland  waterways  for  fisheries.  Roughly  40%  of  marine 
potential  is  in  Andhra  pradesh  and  46%  in  Tamil  Nadu. 

West  coast  plains  and  ghats:  This  zone  runs  along  the  west  coast  covering 
parts  of  Tamil  Nadu,  Kerala,  Karnataka,  Maharashtra  and  Goa.  This  region  has 
variety  of  soils,  rainfall  and  cropping  patterns.  This  zone  offers  ample  scope  for 
rain  water  managements,  minor  irrigation  development,  crop  diversification  and 
fisheries  development. 
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Gujarat  plains  and  hills:  This  zone  covers  19  districts  of  Gurjart.  This  zone  is 
arid  with  low  rainfall  and  22.5%  of  the  area  is  irrigated;  Only  50%  of  the  cultivated 
area  is  occupied  by  food  crops.  It  is  an  important  oil  seed  zone  and  nearly  78% 
of  farming  is  rainfed  emphasising  the  need  for  rain  water  harvesting  and 
management  of  dryland  farming  like  integrated  watershed  development. 

Western  dry  region:  This  region  comprises  of  nine  districts  of  Rajasthan  and 
is  characterised  by  hot  sandy  desert,  erratic  rainfall,  and  high  evaporation.  The 
vegetation  is  scanty.  Groundwater  is  deep  and  blackish.  Drought  and  famine  are 
very  common  features.  The  average  rainfall  is  only  400  mm  with  high  year  to  year 
variation.  The  forest  area  is  only  1.2%  and  the  lands  under  pasture  is  about  4.3%. 
The  cultivable  wastelands  occupy  about  42%.  Pearlmillet,  and  cluster  bean  are 
the  lead  crops  in  kharif  while,  wheat  and  gram  in  rabi.  The  yield  levels  are  low 
and  the  cropping  intensity  is  only  105%.  Cultivation  of  tree  crops  is  necessary 
to  check  desertification  and  provide  fodder  to  livestock. 

Islands  region:  This  zone  covers  the  island  territories  of  Andaman  and  Nicobar 
Islands  and  Lakshadweep.  These  islands  lie  in  the  equatorial  line  with  an  annual 
rainfall  of  more  than  3000  mm  spread  over  8  to  9  months.  It  is  largely  a  forest 
zone.  The  topography  is  undulating  leading  to  heavy  soil  loss.  Nearly  half  the 
cropped  area  is  under  coconut.  The  development  of  this  zone  should  be  on  crop 
improvement,  water  management  and  fisheries. 
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QUESTIONS 

1.  What  is  the  basis  used  for  Koppen's  climatic  classification?  Explain  five  major 
categories  as  given  by  Koppen. 

2.  Define  the  following  - 

1.  Humidity  index. 

2.  Aridity  index. 

3.  Moisture  index. 

3.  Explain  Thomthwaite's  rational  classification  (1948). 

4.  Explain  Thomthwaite  and  Mather's  revised  classification  (1955). 
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5.  Define  MAI. 

Explain  Hargreave's  classification  on  the  basis  of  MAI. 

6.  What  are  the  shortcomings  of  Hargreaves  classification?  * 

7.  What  are  the  different  rainfall  limits  chosen  by  National  Agricultural 
Commission  for  delineation  of  the  country  into  different  rainfall  groups? 

8.  Give  a  brief  account  of  the  Agro  climatic  regions  of  India. 


16.  Weather  Forecasting 

G.S.LH.V.  PRASADA  RAO  and  P.  BALAKRISHNA  PILLAI 


Weather  is  the  dominant  factor  determining  the  success  or  failure  of  agricultural 
enterprises.  This  is  because  farmers  have  no  control  over  this  natural  force.  Weather 
manifests  its  influence  on  agricultural  operations  and  farm  production  through 
its  effect  on  soil  and  plant  growth.  Out  of  the  total  annual  crop  losses,  a 
substantial  portion  is  because  of  aberrant  weather.  The  avoidance  of  all  these 
crop  losses  due  to  weather  factors  is  not  possible.  But  loss  could  be  minimized 
by  making  adjustment  with  coming  weather  through  timely  and  accurate  weather 
forecasting.  It  is  estimated  that  about  8  per  cent  of  the  total  crop  losses  can  be 
avoided  through  improved  weather  forecasts.  The  weather  forecasts  also  provide 
guidelines  for  long  range  seasonal  planning  and  selection  of  crops  most  suited 
to  anticipated  climatic  condition. 

By  forecasting  of  anticipated  heavy  rains,  the  irrigation  from  wells  can  be 
avoided  by  which  we  can  save  electricity;  the  harvesting  could  be  advanced  if 
the  crop  is  in  maturity  stage;  threshing  of  the  harvested  produce  could  be  done 
before  rains  by  which  crop  losses  can  be  avoided.  The  losses  in  seed,  diesel, 
labour  and  time  can  be  avoided  by  not  sowing  the  crops,  if  anticipated  weather 
is  not  suitable  for  the  operation.  Saving  of  fertilizer  by  avoiding  losses  through 
leaching,  gaseous  loss  and  fixation  loss  could  be  achieved  if  the  farmers  are 
informed  well  in  time  that  the  coming  weather  may  not  be  suitable  for  fertilizer 
application.  A  similar  wastage  can  be  minimized  in  the  use  of  plant  protection 
chemicals. 

Types  of  Weather  Forecasting 

Weather  forecast  for  agriculture  may  be  divided  into  four  groups.  They  are:  (i) 
Nowcasting  (few  hours  to  one  day),  (ii)  short  range  forecast  (24  hours  to  less 
than  3  days),  (iii)  Medium  range  forecast  (3-10  days),  (iv)  Long  range  forecast 
(for  more  than  10  days,  a  month  and  for  a  season. 

Short  range  forecasting  (SRF):  It  is  a  forecast  and  warning  of  weather  elements 
hazardous  to  agriculture  valid  for  36  hours  and  an  outlook  for  the  subsequent 
two  days.  The  short  range  forecast  includes  cloud  spread,  rainfall  distribution, 
heavy  rainfall  warnings,  maximum  and  minimum  temperatures,  heat  and  cold  waves, 
low  pressure  areas,  cyclone  warning,  hail/thunderstorm,  dust  storm,  snow,  frost 
and  likelihood  of  maximum  wind  speed.  The  short  range  forecast  is  issued  twice 
a  day  based  on  synoptic  conditions.  Though  the  short  range  forecasting  is  useful 
in  weather  based  agricultural  operations,  the  reaction  time  to  the  farmer  is  too 
short  for  preventive  measures  against  adverse  weather. 

Medium  range  forecasting  (MRF):  It  is  a  forecast  and  warning  of  weather 
elements  hazardous  to  agriculture  valid  for  3  to  10  days.  The  forecast  includes 
cloud  amount,  rainfall,  maximum  and  minimum  temperatures,  average  wind  speed 
and  wind  direction.  The  medium  range  weather  forecast  is  an  objective  and 
challenging  one  to  weather  scientists  as  it  involves  enormous  numerical 
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computations  with  expertise  in  weather  science.  A  National  Centre  for  Medium 
Range  Weather  Forecasting  (NCMRWF)  was  established  in  1988  in  New  Delhi  to 
develop  atmospheric  models  for  medium  range  weather  forecasting  (3  to  10  days). 

Long-range  forecasting  (LRF):  It  is  a  forecast  for  more  than  1 0  days,  a  month 
and  for  a  season.  The  India  Meteorological  Department  started  issuing  the  long 
range  forecasting  since  1988  onwards  on  total  monsoon  rainfall  of  the  country 
by  25th  May.  The  predicted  and  actual  long  period  average  (LPA)  of  monsoon 
(June-September)  rainfall  of  the  country  were  in  agreement  except  in  1994. 

Clint atic/agro climatic  forecasting:  It  requires  past  meteorological  data  for  a 
good  number  of  years  (say  30-50  years).  The  trends  in  rainfall  and  its  variability, 
probability  on  distribution  of  rainfall  over  a  season  can  be  determined  weekly 
using  the  past  data  on  rainfall  for  a  given  location.  This  information  is  useful  to 
crop  planners  and  farmers  as  crop  growth  periods  can  be  adjusted  under  rainfed 
conditions  depending  upon  rainfall  probabilities.  The  climatic  trends  also  will  help 
in  understanding  the  impact  of  climatic  variability  on  agricultural  production  over 
a  period  of  time.  The  periods  of  water  surplus  and  deficit  could  be  worked  out 
for  a  particular  location  based  on  past  meteorological  data  (rainfall  and 
evaporation)  through  the  water  balance  procedure.  This  information  can  be  used 
for  selection  of  crops  and  adjusting  crop  growing  periods,  irrigation  scheduling 
during  dry  spells  and  for  providing  drainage  in  excess  of  water  surplus.  The  crop 
weather  relationships  could  also  be  well  understood  based  on  past  biological  and 
meteorological  data,  which  in  turn  will  help  in  mitigating  the  ill  effects  of  weather 
aberrations  through  better  agronomic  practices. 

Global  warming  is  another  area  of  interest,  which  can  be  studied  based  on  long 
period  averages.  Reports  indicated  that  the  first  six  months  of  1998  were  the 
warmest  first  half  of  a  year  globally.  It  was  averaged  0.6°C  more  than  the  1 961— 
1990  average.  The  warmest  full  year  so  far  was  in  1997  when  temperatures  were 
0.43°C  higher  than  the  long-run  average.  It  is  likely  that  more  warm  years  can  be 
expected  in  future  if  radiation  balance  is  disturbed  by  man-made  activities. 

Tools  of  Weather  Forecasting 

Weather  forecasting  requires  several  basic  inputs.  They  are  area  coverage  under 
the  network  of  meteorological  stations  and  the  collection  of  meteorological  data 
on  cloud  cover,  sunshine,  radiation,  rainfall,  temperature,  wind  and  pressure  along 
with  the  upper  air  data  on  wind,  humidity  and  temperature  at  various  heights. 
These  data  collected  simultaneously  across  the  country  are  coded  and  plotted 
on  surface  and  upper  air  charts.  These  charts  are  known  as  the  synoptic  charts. 
The  synootic  charts  together  with  the  satellite  pictures  on  cloud  spread  are  the 
base  materials  to  understand  the  initial  state  of  atmosphere.  At  the  same  time, 
the  weather  forecaster  also  needs  information  on  the  state  and  stage  of  crops  to 
give  weather  forewarnings  for  which  the  crop  weather  calendars  become  handy. 

Pilot-balloons:  A  small  balloon  is  inflated  with  a  gas  (hydrogen/helium)  lighter 
than  air  and  released  for  measurement  of  wind  direction  and  speed  at  different 
heights  in  the  atmosphere  using  a  theodolite.  The  theodolite  is  an  optical 
telescope,  which  measures  horizontal  and  vertical  angles  of  the  ascending 
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balloons  at  known  intervals  of  time.  The  path  of  the  balloon  is  determined  from 
the  data  observed  through  graphical  techniques.  The  main  difficulty  with  an 
optical  theodolite  occurs  when  the  sky  is  obscured,  because  the  balloon  is  soon 
lost  and  can  be  no  longer  traced.  This  difficulty  could  be  overcome  by  using 
radio-theodolites  where  radio  signals  are  used  to  track  the  balloon. 

To  measure  temperature,  humidity  and  pressure  at  different  heights  in  the 
atmosphere,  meteorographs  were  attached  in  the  past  to  the  ascending  balloons. 
The  meteorograph  is  a  combination  of  barograph,  thermograph  and  hygrograph. 
The  success  of  observations  using  the  meteorograph  depends  on  its  coming  to 
earth  intact  and  reaches  to  the  sender. 

Radiosonde:  The  radiosonde  is  a  device  with  sensitive  sensors,  which  transmit 
observations  by  radio  signals  to  a  ground  receiver  as  the  balloon  ascends.  It  is 
carried  aloft  by  means  of  a  free  balloon.  The  instrument  measures  temperature, 
humidity  and  pressure  at  various  levels  of  the  atmosphere  through  which  it  passes. 
The  meteorological  instruments  contain  in  radiosonde  are  designed  to  register 
temperature  ranging  from  about  +  40  to  -90°C,  relative  humidity  from  15  to  100  % 
and  barometric  pressure  from  1040  to  40  hPa  or  less.  The  advantage  of  radiosonde 
is  that  the  data  are  immediately  available  and  useful  in  weather  forecasting. 

Radar  and  satellites:  They  are  the  two  space  tools  to  sense  meteorological 
parameters  using  remote  sensing  techniques.  Remote  sensing  techniques  are  of 
two  different  types  viz.,  active  and  passive.  The  active  technique  is  used  by  radar 
(Radar  stands  for  Radio  Detection  and  ranging)  which  transmit  electromagnetic 
pulses  of  a  given  characteristics  and  also  receive  them  back.  The  modification  of 
the  transmitted  pulses  can  be  interpreted  based  on  the  characteristics  of  the 
reflected  surface.  The  radar  is  used  for  detecting  tropical  cyclones  and  monitoring 
their  course  as  they  approach  the  coast.  The  IMD  has  been  operating  radar 
systems  in  the  East  and  West  coasts  of  the  country.  They  are  also  used  for 
detecting  cloud  amount  and  intense  precipitation. 

The  Indian  satellite  (INSAT)  is  a  domestic  satellite  system  used  in 
communication,  television,  radio  broadcasting  and  meteorology.  The  INSAT- 1 A 
gives  information  on  cloud  spread  and  amount  and  information  on  temperature 
of  the  earth's  surface  and  cloud  tops.  This  information  is  used  in  short  range 
and  medium  range  weather  forecasting. 

Synoptic  chart:  An  enormous  volume  of  meteorological  data  is  being  collected 
from  all  over  the  world,  continuously  round  the  clock  through  various 
telecommunication  channels.  To  assess,  assimilate  and  analyse  the  above  vast 
data,  they  have  to  be  suitably  presented.  For  this  purpose,  the  observations  are 
plotted  on  maps  in  standard  weather  codes.  Synoptic  chart  is  a  chart  or  map  on 
which  distribution  of  selected  meteorological  elements,  over  a  large  area,  at  a 
specified  instant  of  time  is  represented.  The  surface  and  upper  air  charts  are  the 
two  types  of  synoptic  charts  currently  in  use. 

Synoptic  charts  display  the  weather  conditions  at  a  specified  time  over  a  large 
geographical  area.  The  surface  synoptic  charts  plotted  for  different  synoptic  hours 
(00,  03,  06,  09,  12,  15,  18,  21  UTC)  depict  the  distribution  of  pressure,  temperature, 
dew  point,  clouds,  winds,  present  and  past  weather. 
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4(a)  Plotting  model 
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Figs  16.1  (a,  b,  c  and  d.)  Station  plotting  model  and  codes  for  weather  elements 

The  surface  synoptic  charts  are  the  most  used  charts.  It  contains  the  maximum 
number  of  observations  with  the  largest  number  of  parameters  plotted  and  often 
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Fig  16.2  Crop  weather  calender. 
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forms  the  base  on  which  the  pressure  level  charts  are  built  up.  The  pattern  of  the 
pressure  distribution  is  brought  out  by  drawing  isobars,  troughs,  ridges,  lows, 
highs,  depressions,  cyclones,  cols,  as  also  fronts,  and  discontinuities.  These 
systems  are  clearly  marked  and  labelled  using  appropriate  symbols  and  colours. 

The  meteorological  observations  are  plotted  according  to  standard  station 
models  prescribed  by  the  World  Meteorological  Organization  (WMO).  Station 
plotting  model  along  with  the  codes  for  few  meteorological  elements  is  depicted 
in  Figs.  16.1a,  b,  c  and  d. 

Crop  weather  calendar :  In  order  to  provide  the  farmer  with  an  efficient  weather 
service,  it  is  essential  that  the  weather  forecaster  should  be  familiar  with  the  crops 
that  are  grown  in  a  particular  agro-climatic  zone.  The  type  of  forewarnings  to  be 
given  depending  upon  the  state  and  stages  of  the  crop  are  also  to  be  known.  In 
case  of  farmers,  they  should  become  familiar  with  weather  bulletins  and  leam  how 
to  interpret  them.  To  meet  the  above  requirement,  the  detailed  information  collected 
from  the  agricultural  departments  has  been  condensed  by  the  IMD  and  presented 
in  a  pictorial  form  known  as  crop  weather  calendar  (Fig  16.2). 

The  crop  weather  calendar  consists  of  three  parts  viz.,  crop  husbandry,  normal 
weather  requirements  and  weather  warnings.  The  important  crop  phases  like 
sowing,  germination,  transplantation  (in  the  case  of  rice),  tillering,  elongation, 
flowering,  grain  formation  and  harvest  are  indicated  under  the  crop  husbandry 
against  the  standard  agro-meteorological  weeks  in  lower  part  of  the  calendar.  The 
normal  monthly  rainfall  and  number  of  rainy  days  are  depicted  in  middle  of  the 
calendar  with  weather  requirements  and  upper  most  portion  of  the  calendar 
indicates  the  nature  of  the  weather  warnings  to  be  issued  in  different  crop  periods. 
These  crop  weather  calendars  help  the  weather  forecaster  to  see  at  a  glance  the 
type  of  weather  warnings  are  to  be  issued  for  a  particular  district  in  a  given  weather 
situation  during  a  particular  phase  of  crop.  They  are  of  equal  interest  to  the 
farmers  for  better  crop  management.  However,  they  failed  to  produce  the  desired 
results  since  they  are  not  used  as  handy  tools  in  practice  and  became  obsolete 
with  fast  changing  crop  varieties.  Also,  the  crop  weather  calendars  prepared  on 
district  wise  may  not  be  of  much  use  at  micro  level.  Hence,  the  crop  weather 
calendars  are  to  be  prepared  at  the  village  level  by  the  agro-meteorological  field 
units  (AMFUs),  established  for  agro-advisory,  through  research  and  development 
for  major  crops  and  for  varieties,  if  possible.  They  help  in  improving  quality  of 
agro-advisory  based  on  medium  range  weather  forecasting. 

Crop  weather  diagram:  It  gives  season-wise  information  on  the  crop 
husbandry  (tillage  to  harvest),  actual  weather  and  normal  weather  month/week- 
wise  and  information  on  pest  and  disease  incidence.  It  may  help  in  understanding 
favourable  weather  conditions  that  are  responsible  for  better  crop  yields  and  the 
vice  versa  if  they  are  prepared  for  more  number  of  years.  Using  the  crop  weather 
diagrams,  attempts  can  be  made  for  obtaining  better  crop  yields  through  agronomic 
manipulations  and  also  one  can  predict  crop  yields  qualitatively  based  on  weather 
conditions. 

The  main  difference  between  crop  weather  diagram  and  crop  weather  calendar 
is  that  the  former  indicates  the  current  state  of  information  on  crops  and  weather. 
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While  the  latter  indicates  the  mean  state  of  information  on  crops  and  weather 
including  forewarnings  and  the  periods  during  which  they  are  to  be  issued.  The 
crop  weather  diagram  can  be  a  tool  to  assess  the  crop  condition  and  its  yield  in 
relation  to  weather  while  the  crop  weather  calendar  is  a  tool  to  a  weather  forecaster 
for  providing  efficient  weather  service.  Of  course,  the  mean  state  of  crop  weather 
diagrams  should  be  a  base  for  improving  the  quality  of  crop  weather  calendars. 
Both  are  handy  and  useful  in  agro-advisory,  which  will  help  to  improve  crop  yields 
through  better  agronomic  practices. 

Method  of  Weather  Forecasting 

The  methods  in  use  for  weather  forecasting  can  be  divided  into  three  broad 
categories,  viz.  conventional  or  synoptic,  statistical  and  numerical  weather 
prediction. 

Synoptic  methods:  The  state  of  atmosphere  over  an  area  is  known  at  an  instant 
through  a  set  of  meteorological  variables,  viz.  rainfall,  maximum  and  minimum 
temperatures,  wind  and  pressure  systems  measured  simultaneously  at  various 
locations.  These  observations  are  called  synoptic.  Using  the  observations 
recorded  simultaneously,  surface  and  upper  air  charts  are  prepared  which  give 
the  present  state  of  atmosphere.  The  inferences  on  expected  movement  of  weather 
systems  are  drawn  using  the  previous  and  present  charts.  In  addition  to  the 
synoptic  charts,  satellite  pictures  also  supply  considerable  information  evolved 
on  the  lines  of  the  past  analogous  one.  Often,  selection  of  the  past  analogous 
situation  is  based  on  the  experience  and  memory  of  the  persons  involved,  but 
with  the  advent  of  computers,  picking  up  of  analogies  is  quite  easy  and  has 
become  faster  and  more  objective.  The  reliability  of  short-range  forecasts  (<  2 
days)  is  quite  high. 

Statistical  methods:  The  statistical  methods  are  used  mostly  in  long  range 
and  climatic  forecasts.  Techniques  based  on  multiple  regressions  and  of  late,  Auto 
Regressive  Integrated  Moving  Average  (ARIMA)  models  are  used  for  predicting 
Indian  monsoon  rainfall  based  on  16  global-land-ocean-atmospheric  variables. 
Using  the  above  technique,  the  total  rainfall  during  the  southwest  monsoon  (June- 
September)  is  predicted  well  in  advance  during  the  last  week  of  May.  The 
technique  is  working  well  for  predicting  total  monsoon  rainfall  of  the  country. 
However,  the  ARIMA  models  fail  on  meteorological  sub-division  wise  since  the 
models  are  not  area  specific.  Also,  the  models  need  testing,  verification  and 
validation  regularly. 

Numerical  weather  prediction  (NWP):  The  motion  of  atmosphere  is  primarily 
governed  by  distribution  of  radiation,  which  is  uneven  across  land  and  ocean 
surfaces.  Later,  air  motions  are  driven  by  several  other  forces,  viz.  Coriolis  force 
(due  to  earth's  rotation),  pressure  gradient  force  (due  to  difference  in  pressure  at 
two  points),  gravitational  force  (earth  pulls  air  always  downward)  and  frictional 
forces  which  are  acting  very  near  to  the  surface  of  the  earth.  All  the  above  forces 
can  be  expressed  in  terms  of  differential  equations  based  on  certain  laws  of 
physics  and  in  an  integrated  form  of  these  equations  is  known  as  atmospheric 
model,  which  explains  the  evolution  of  atmosphere  from  a  given  state  to  some 
future  state.  The  relevant  laws  of  physics  can  be  expressed  in  terms  of  seven 
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equations,  govern  the  behaviour  of  seven  atmospheric  variables  which  are  as 
follows: 

Weather  Service  to  Farmers 

A  reliable  system  of  short  range  and  medium  range  weather  forecasts  is  needed 
for  effective  on  farm  management  practices  such  as  cultivation  of  land,  preparation 
of  seed  bed,  planting,  choice  of  crops  in  case  of  prolonged  monsoon  breaks, 
fertilizer  management,  harvesting  of  crops,  post-harvest  storage  and  transportation 
to  markets. 

India  Meteorological  Department  started  issuing  Farmers'  Weather  Bulletins 
(FWBs)  on  a  regular  basis  since  1945  and  later  it  was  entrusted  to  Regional 
Meteorological  Centres  (New  Delhi,  Bombay,  Calcutta,  Madras  and  Nagpur),  which 
contain  a  forecast  of  expected  weather  for  the  next  36  hours  and  an  outlook  for 
another  two  days.  In  due  course,  meteorological  centres  at  State  headquarters 
started  to  issue  FWBs.  All  India  Radio  used  to  broadcast  FWBs  every  evening 
in  regional  languages  to  reach  the  most  remote  comer.  However,  they  are  found 
to  fall  short  of  the  requirements  of  farmers  in  terms  of  duration  of  forecast  validity 
and  capability  for  small  areas,  likely  impact  on  agronomic  operations.  The  crop 
weather  calendars  prepared  for  main  crops  lost  their  significance  with  fast  changing 
varieties.  As  they  contain  limited  information,  there  was  a  need  to  frame  them  in 
relation  to  crops  and  to  specific  areas.  Thus  came  the  concept  of  Agro- 
meteorological  Advisory  Services  (AAS)  and  it  is  in  operation  since  1977. 

If  weather  could  be  predicted  sufficiently  in  advance,  the  farmers  can  take 
corrective  measures  to  minimize  the  losses  in  agricultural  production.  Keeping  in 
view,  the  developments  in  the  field  of  objective  weather  prediction  based  on 
numerical  techniques  and  in  computer  technology,  the  Government  of  India 
initiated,  in  early  1988,  Science  and  Technology  Project  National  Centre  for 
Medium  Range  Weather  Forecasting  (NCMRWF)  and  development  of 
Agrometeorological  Advisory  Services  (AAS). 

The  developmental  work  commenced  with  the  dedication  of  the  super 
computing  facility  (CRAY-  XMP/216)  to  the  nation  by  the  then  Prime  minister  on 
25  March  1989.  While,  operational  model  prediction,  for  3  days  in  advance, 
commenced  on  1  June  1994.  The  temporal  range  of  operational  prediction  has  now 
been  extended  to  4  days  in  advance  with  effect  from  26  January  1999. 

Agro-met  advisory  services  (AAS):  The  agro-advisory  service  (AAS)  based 
on  medium  range  weather  forecasting  (3  to  10  days)  has  been  made  operational 
by  National  Centre  for  Medium  Range  Weather  Forecasting  (NCMRWF).  The 
ICAR  and  state  agricultural  universities  co-operate  in  this  task.  NCMRWF  has 
proposed  to  establish  127  agro-meteorological  field  units  (AMFUs)  in  all  the  agro- 
climatic  zones,  which  cover  the  entire  country.  The  agro-climatic  zones  were 
delineated  by  the  ICAR  under  the  National  Agricultural  Research  Project  (NARP). 
The  AMFUs  prepare  AAS  bulletins.  These  contain  three  parts.  The  first  part  of 
AAS  consists  of  weather  events  occurred  during  the  past  week  and  weather 
forecast  for  three  days  ahead.  These  forecasts  are  given  to  acquaint  the  farmer 
with  the  expected  weather  on  cloud  amount,  rainfall,  average  wind  speed,  wind 
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direction,  maximum  and  minimum  temperatures.  The  second  part  contains  the 
factual  information  on  the  varieties  of  crops,  their  state  and  stage,  ongoing 
agricultural  operations,  and  insect  pest  and  diseases  of  crops.  The  final  and  third 
part  of  the  AAS  bulletin  provides  information  on  agro-advisory.  The  bulletins 
are  prepared  by  the  experts,  consisting  of  scientists  belong  to  various  disciplines 
and  agricultural  officers  of  the  locality.  Such  AAS  bulletins  are  being  prepared 
and  issued  in  English  as  well  in  local  languages.  The  AMFUs  functioning  at 
several  agro-climatic  zones  in  state  agricultural  universities  have  made  the  weekly/ 
biweekly  AAS  operational  effectively.  The  NCMRWF  provides  information  on 
MRF  every  Tuesday  and  Friday. 

The  IMD  has  also  established  Agro-met  Advisory  Service  Units  (AASUs)  at 
the  State  Meteorological  Centres  (SMCs).  The  AASUs  issue  biweekly  agro  - 
advisories  to  the  States  on  Monday  and  Thursday  based  on  short-range  weather 
forecasting.  These  describe  the  weather  over  the  state  during  the  preceding  week 
and  the  rainfall  forecast  valid  for  the  next  48  hours  and  an  outlook  for  two 
subsequent  days.  Information  on  crops  is  obtained  from  the  State  Agriculture 
Department. 

Dissemination  of  agromet  advisory  services :  The  agro-advisory  bulletins 
prepared  weekly/biweekly  by  the  AMFUs  could  be  communicated  on  the  same 
day/next  day  to  the  selected  farmers  through  a  special  messenger.  The  AIR,  DD 
and  the  other  communication  facilities  can  be  effectively  used  to  disseminate  AAS. 

The  agro-advisories  prepared  by  the  AASUs  of  the  state  meteorological  centres 
are  sent  to  the  AIR  stations  and  broadcasting  in  the  Farm  Radio  Programme.  The 
advisories  are  also  faxed  to  the  agromet  directorate  of  IMD,  Pune  on  the  same 
day,  where  all  the  advisories  sent  by  the  various  AASUs  are  assimilated  and  then 
a  consolidated  brief  report  is  prepared.  This  report  is  faxed  from  Pune  to  IMD, 
New  Delhi  on  the  subsequent  day  and  is  used  for  Ministerial/  Secretarial  briefing. 

The  agro-advisory  bulletins  are  prepared  at  the  AMFUs  by  the  panel  of 
scientists  based  on  the  Package  of  practices  recommendations  developed  by  the 
state  agricultural  universities  for  the  respective  zones.  In  the  absence  of  a  separate 
package  based  on  R&D  in  operational  agricultural  meteorology,  it  is  difficult  to 
improve  the  quality  of  AAS.  The  essence  of  agro-advisory  is  to  make  weather 
forecasting  awareness  among  the  farmers  for  day  -to  -day  farm  operations  for 
sustenance  of  agricultural  production.  This  is  possible  if  the  interaction  between 
weather  variables  and  crop  growth  and  its  development  is  well  understood  for 
which  crop  growth  simulation  models  have  to  be  revalidated/developed  for  major 
crops.  In  similar  lines,  an  interdisciplinary  team  should  work  to  develop  models 
on  pest  and  disease  dynamics. 

Challenges  in  Weather  Forecasting 

The  El-Nino  refers  to  an  abnormal  increase  of  sea  surface  temperature  over 
central  and  eastern  parts  of  the  Equatorial  Pacific  Ocean  of  the  coast  of  Peru.  The 
role  of  the  same  in  long  range  forecasting  is  another  area  of  research  as  it  has  a 
negative  correlation  with  the  Indian  summer  monsoon  though  it  was  not  felt  much 
in  1997.  However,  reports  indicated  that  the  heavy  north-east  monsoon  rainfall 
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Fig  16.3  Role  of  various  components  in  weather  forecasting 


across  Tamil  Nadu  was  attributed  to  El-Nino  factor.  The  El-Nino  during  1997 
(globally  the  warmest  year)  is  one  of  the  factors  which  led  to  many  parts  of  the 
world  warmer.  Of  course,  the  higher  surface  air  temperatures  persisted  during  the 
first  six  months  of  1998  also.  The  cause  of  the  underlying  warming  over  the  course 
of  this  century  is  not  fully  understood.  The  reliability  of  weather  forecasting  is  a 
complex  one,  which  depends  on  various  components  (Fig  16.3). 

Many  times  the  weather  forecast  given  by  Indian  meteorologists  is  neither 
location  specific  nor  area  specific  and  the  skill  is  rated  as  poor  for  medium  range 
weather  forecasting.  Hence,  the  challenge  of  the  day  is  therefore,  how,  to  push 
the  skill  of  tropical  forecast  from  the  present  2  to  3  days  to  at  least  5  to  6  days 
through  better  understanding  and  formation  of  the  relevant  processes.  Everyday 
improvement  in  weather  forecast  skill  will  be  of  immense  use  in  the  field  of 
agriculture  on  which  Indian  economy  depends. 
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QUESTIONS 

1.  What  is  the  importance  of  weather  forecasting  in  foodgrains  production  of 
the  country? 

2.  Explain  in  brief  the  types  of  weather  forecasting,  its  validity,  skill  and  utility. 

3.  How  is  Long  Range  Weather  Forecasting  (LRF)  beneficial  to  Indian  agriculture? 

4.  Briefly  explain  the  methods  used  in  weather  forecasting. 

5.  What  are  the  tools  involved  in  weather  forecasting? 

6.  What  is  a  synoptic  chart? 

7.  Elucidate  on  agro-met  advisory  services. 

8.  Differentiate  between  crop  weather  diagram  and  crop  weather  calendar. 

9.  Illustrate  the  role  of  ICAR  and  SAUs  in  weather  service  to  farmers. 

10.  What  are  all  the  factors  made  the  weather  forecasting  difficult  in  the  tropics? 

11.  Fill  up  the  blanks 

Upper  air  wind  is  measured  by _ 

_ is  used  to  measure  humidity  in  upper  atmosphere 

Farmers'  weather  bulletins  were  being  issued  since _ onwards 

The  ill  effects  of  adverse  weather  can  be  mitigated  through _ 

NCMRWF  was  established  in  the  year _ 

Synoptic  charts  provide _ state  of  the  atmosphere 

ARIMA  stands  for_ _ 

N  stands  for _ 

AASU  stands  for _ 

AMFU  stands  for _ 


17.  Remote  Sensing 


N.L.  BOTE 


Remote  sensing  technology  has  emerged  as  a  very  useful  technique  for 
mapping  and  monitoring  natural  resources  in  the  country.  Many  Central/State 
Government  departments  and  educational  institutions  have  started  using  remote 
sensing  techniques  in  resources  survey  and  other  research  and  development 
activities.  The  integration  of  remote  sensing  with  the  conventional  system  of 
mapping  and  monitoring  provides  accurate  and  reliable  information  in  a  timely 
and  cost-effective  manner. 

What  is  Remote  Sensing? 

Remote  sensing  refers  to  the  branch  of  science,  which  derives  information 
about  objects  from  measurements  made  from  distance,  i.e.  without  actually  coming 
in  contact  with  them. 

Such  measurements  require  a  medium  of  interaction.  Any  force  field  such  as 
gravity,  magnetic  or  electro-magnetic  could  be  used  for  remote  sensing.  However, 
conventionally,  remote  sensing  deals  with  the  use  of  electromagnetic  radiation.  It 
more  commonly  refers  to  the  identification  of  earth  features  by  detecting  the 
characteristic  electromagnetic  radiation  reflected/emitted  by  the  earth  surface. 
Every  object  reflects/scatters  a  portion  of  the  electromagnetic  radiation  incident 
on  it  depending  upon  its  physical  properties.  In  addition,  objects  also  emit 
electromagnetic  radiation  depending  upon  their  temperature  and  emissivity. 
Reflectance/emittance  pattern  of  an  object  is  known  as  its  spectral  signature. 
Proper  interpretation  of  the  spectral  signature  enables  identification  and 
discrimination  of  objects. 

Remote  sensing,  as  we  understand  today,  is  nothing  but  opposite  of 
astronomy.  As  part  of  astronomy,  man  looked  from  the  earth  towards  heavenly 
bodies  to  understand,  gain  more  insight  about  them.  He  built  instruments  to 
measure  Tight  coming  from  these  bodies'  to  understand  their  movements, 
evolution  etc.  On  the  other  hand,  remote  sensing  basically  refers  to  going  up  in 
the  sky  and  to  look  downwards  towards  the  earth  itself  to  learn  more  about  the 
place  we  have  inhabited. 

Remote  Sensing  System 

A  remote  sensing  system  consists  of  a  data  acquisition  and  data  processing 
and  analysis  system.  Data  acquisition  system  comprises,  the  source  of  radiation, 
the  atmospheric  path,  the  earth  surface  or  the  target  and  the  sensor/platform.  The 
radiation  from  the  sun  passes  through  the  intervening  atmosphere  and  is  incident 
on  the  earth  surface.  Some  of  the  radiation  gets  absorbed  or  scattered  by  the 
atmosphere.  The  radiation  of  the  sun  scattered  by  the  atmosphere  forms  the  sky/ 
diffuse  radiation.  The  radiation  incident  on  the  earth  surface  gets  reflected/ 
transmitted  and  or  absorbed.  If  the  surface  is  smooth  compared  to  the  wavelength 
of  radiation  then  the  angle  of  reflection  is  equal  to  angle  of  incidence.  The  reflected 
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radiation  again  passes  through  the  atmosphere,  may  get  absorbed/scattered  and 
then  reaches  the  sensor  placed  on  a  platform.  The  energy  received/detected  by 
the  sensor  gets  converted  into  data  for  further  processing.  Data  processing 
involves  correcting  the  acquired  data  for  various  geometric  and  radiometric 
correction  and  converting  it  into  user-oriented  data  products.  Data  analysis  deals 
with  interpretation  of  this  data  along  with  ground  truth  and  other  ancillary 
information.  This  entire  sequence  of  events  can  be  summarized  into  the  following 
steps. 

1.  Source  of  electromagnetic  radiation. 

2.  Transmission  of  the  energy  from  the  source  to  the  surface  of  the  earth 
and  its  interaction  with  the  intervening  atmosphere. 

3.  Interaction  of  electromagnetic  radiation  with  the  earth  surface/target 
reflection,  absorption  /  transmission  or  self  emission. 

4.  Transmission  of  the  reflected/emitted  radiation  to  the  sensor. 

5.  Detection  of  the  signal  by  the  sensor  and  its  conversion  to  photographic 
product  or  electrical  output. 

6.  Transmission/recording  of  the  sensor  output. 

7.  Pre-processing  of  the  sensor  output  (geometric  and  radiometric  corrections) 
for  generation  of  data  products. 

8.  Collection  of  ground  truth  and  other  ancillary  information  pertaining  to 
the  scene. 

9.  Interpretation  of  the  scene  data  and  derivation  of  information. 

Remote  sensing  takes  help  of  solar  and  terrestrial  radiation  principle.  All  bodies 
at  temperature  above  zero  degrees  Kelvin  emit  electromagnetic  radiation  of  different 
wavelengths  as  per  Planck's  law.  The  earth  is  considered  a  black  body  at  about 
300°K  emitting  electromagnetic  radiation  with  peak  emission  at  around  9.7  flm. 
According  to  Planck's  law  the  radiation  emitted  by  earth  (300°K)  is  much  less  at 
all  wavelengths  compared  to  that  emitted  by  the  sun  (6000°K).  However,  at  earth's 
surface,  energy  in  the  7  to  15  flm  wavelength  region  is  predominantly  due  to 
thermal  emission  of  earth. 

Platforms  Used 

The  sensors  of  remote  sensing  operating  in  the  optical-IR  (OIR)  region  and  in 
the  microwave  region  (passive  and  active  sensors)  are  comprising  photographic 
camera,  television  camera,  optical  mechanical  scanners,  linear-imaging  self  scanning 
sensors  (LISS),  OIR  active  sensors,  microwave  remote  sensors,  microwave  active 
sensors  (Side  looking  Air  borne  Radar).  They  are  placed  on  suitable  observation 
platforms.  These  platforms  can  be  stationary  or  mobile  depending  on  observations 
needed  and  constraints.  Aircraft,  balloons,  rockets  and  satellites  are  used  as 
platforms.  The  most  extensively  used  platforms  are  aircraft  and  satellites. 

1)  Aircraft  platforms :  Aircraft  is  mainly  useful  for  survey  of  a  locality.  It  has 
a  major  advantage  that  it  is  available  at  a  particular  location  at  a  particular 
time.  It  can  be  used  at  low  altitudes. 
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2)  Balloon  platforms:  Balloon  platforms  can  be  considered  under  the 
headings  Tethered,  powered  and  free  flying.  Modem  studies  are  carried 
out  mostly  by  free  flying  balloon,  which  can  carry  sensors  to  considerable 
altitudes.  They  can  reach  altitudes  upto  45  km  and  carry  upto  100  kg 
payloads. 

3)  Sounding  rocket  platforms:  Rockets  can  be  used  to  carry  remote  sensing 
payloads  to  great  height  (upto  1000  km).  But  this  technique  has  the  major 
limitation  of  very  short  life  span  ranging  only  few  minutes. 

4)  Satellite  platforms:  Earth  observations  from  satellite  platforms  provide 
synoptic  view  of  a  large  area.  These  are  very  useful  for  understanding 
interrelationship  among  various  features  of  the  earth  surface.  These 
observations  can  be  made  under  known  solar  zenith  angle  providing  similar 
illumination  conditions.  It  also  provides  repetitive  observation  of  the  same 
area  with  intervals  of  a  few  minutes  to  few  weeks  depending  on  the  sensor 
and  orbits.  By  this  the  dynamic  nature  of  cloud  evolutions,  vegetation 
cover,  snow  cover,  etc.  can  be  studied. 


Orbits 

There  are  two  types  of  orbits:  geo-stationary  orbit  and  near  earth  orbit. 

Geo-stationaiy  orbit:  For  a  satellite  orbiting  in  the  equatorial  plane  of 
earth  from  west  to  east  at  36,000  km  above  the  earth,  the  period  of  revolution 
of  the  satellite  coincides  exactly  with  earth's  rotation  about  its  own  axis. 
Thus,  the  satellite  appears  stationary  to  the  earth  and  can  view  the  same 
area  on  the  earth  continuously.  The  geo-stationary  satellites  are  very  useful 
for  meteorological  observations.  Due  to  large  distance  from  the  earth,  high 
resolution  imaging  from  geo-stationary  satellites  is  difficult.  Resolutions 
of  about  one  km  could  be  successfully  obtained  from  a  number  of  geo¬ 
stationary  satellites.  The  satellites  under  Indian  National  Satellite  (INSAT) 
programme,  viz.,  INSAT  -2B,  INSAT- ID  and  2A  etc.  are  the  examples  of 
geo-stationary  satellites. 

Near-earth  orbit:  Near-earth  orbit  height  varies  from  a  few  km  to  several 
thousand  km.  It  is  also  known  as  polar  orbit.  For  remote  sensing,  the 
circular,  near  polar  sun  -synchronous  orbit  is  considered  the  best.  The 
ground  trace  of  the  sun-  synchronous  satellite  can  be  made  to  recur  over 
a  scene  exactly  at  intervals  of  fixed  number  of  days  by  maintaining  the 
height  on  the  orbit  to  a  close  tolerance,  thus  ensuring  repetitive 
observations  of  a  scene  at  the  same  local  time.  The  satellites  under  Indian 
Remote  Sensing  (IRS)  series,  viz.  IRS-1A  and  IB,  IRS-P2  etc.  are  examples 
of  sun-synchronous  polar  orbiting  satellites. 

Collected  data  are  corrected  by  eliminating  the  geometric  and  radiometric 
distortions  in  the  imagery.  These  data  could  be  put  to  different  purposes  for  survey 
of  natural  resources  like  agriculture,  forestry,  water,  marine  etc.  and  to  study  various 
physical  phenomena.  Spectral  bands  are  to  be  placed  properly  for  the  purpose  of 
use.  Crop  identification  requires  properly  placed  spectral  bands  in  the  red,  near- 
infrared  and  middle  infrared  regions.  Soil  moisture  determination  demands  use  of 


194 


Agricultural  Meteorology 


microwave  data  in  L  or  C  bands. 

Spectral  Signatures 

Spectral  signatures  of  vegetation,  soil,  water,  snow  and  clouds  vary  from  each 
other. 

Vegetation:  As  the  leaves  grow,  the  reflectance  increases  markedly.  As 
senescence  or  stress  occurs,  chlorophyll  absorption  decreases  and  red  reflectance 
increases.  This  results  in  decreased  reflectance  in  the  near  IR.  For  this  reason, 
the  ratio  of  the  reflectance  in  the  IR  to  red  or  any  of  the  derived  indices  from  this 
data  are  sensitive  indicators  of  vegetation  growth/  vigour.  In  the  middle  IR, 
reflectance  peaks  occur  at  1.6  and  2.2  Jim.  It  has  been  shown  that  total  incident 
solar  radiation  absorbed  in  this  region  is  directly  proportional  to  the  total  leaf 
water  content. 

Soil:  Spectral  signature  of  soil  is  generally  governed  by  a  number  of  factors. 
The  properties  of  soil  that  govern  the  spectral  reflectance  are  colour,  texture, 
organic  matter,  minerals,  salinity,  roughness  of  surface,  soil  moisture  etc.  As  the 
moisture  content  in  the  soil  increases,  the  reflectance  in  the  optical  IR  region 
decreases,  more  significantly  at  the  water  absoiption  bands.  In  a  thermal  IR  image 
moist  soils  look  darker  compared  to  the  dry  soils.  Also  the  day  and  night 
temperature  difference  decreases  with  increasing  soil  moisture  content  due  to 
higher  thermal  inertia  (heat  capacity)  of  water.  In  view  of  the  large  differences  in 
dielectric  constant  of  water  and  soil  at  microwave  frequencies,  quantification  of 
soil  moisture  becomes  possible. 

Water:  Water  absorbs  most  of  the  radiation  in  the  near  infrared  and  middle 
infrared  regions.  This  property  enables  easy  delineation  of  even  small  water  bodies. 
Turbidity  in  water  generally  leads  to  an  increase  in  its  reflectance  and  the 
reflectance  peak  shifts  towards  longer  wavelengths. 

Snow  and  clouds:  Snow  has  very  high  reflectance  up  to  0.8  flm  and  reflectance 
decreases  rapidly  afterwards.  In  case  of  clouds  there  is  nonselective  scattering 
which  make  them  appear  uniformly  bright  throughout  the  range  of  0.3  to  3  flm. 
The  cloud  tops  and  snow  generally  have  the  same  temperature  and  hence  it  is 
not  easily  possible  to  separate  these  in  thermal  infrared  region.  These  reasons, 
the  two  atmospheric  windows  in  the  middle  infrared  wavelength  region  (1.6  and 
2.2  flm)  are  important  for  snow  vs.  cloud  discrimination. 

Applications  of  Remote  Sensing 

Remote  sensing  techniques  are  used  for  different  purposes  for  survey  of 
natural  resources  like  agriculture,  forestry,  water  resources  etc.  Some  of  the 
important  applications  in  these  fields  are  as  under. 

Applications  in  agriculture  and  fores tiy: 

1)  Crop  identification. 

2)  Crop  acreage  estimation. 

3)  Crop  condition  (vigour  and  density)  assessment  and  stress  detection. 
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4)  Identification  of  planting  and  harvesting  dates. 

5)  Crop  yield  modeling,  estimation  and  early  season  forecast. 

6)  In  situ  spectral  measurement  of  crops. 

7)  Identification  of  pest  and  disease  infestation. 

8)  Soil  moisture  estimation,  irrigation  monitoring  and  management. 

9)  Frost  damage. 

10)  Mapping/monitoring  of  droughts  and  their  prediction. 

11)  Soil  mapping. 

12)  Land  use  /  Land  cover  and  land  degradation  mapping. 

13)  Delineation  of  forest  types  and  condition  of  range. 

14)  Mapping  and  monitoring  of  forest  resources. 

15)  Forest  fire  detection. 

Application  for  water  resources 

1)  Flood  mapping  and  damage  assessment. 

2)  Snow  mapping,  extent  and  depths. 

3)  Sea  surface  temperature  monitoring. 

Applications  in  meteorology 

1)  Tropical  storm  surveillance. 

2)  Monsoon  studies. 

3)  Weather  forecasting. 

Limitations  of  Remote  Sensing  Applications  in  Agriculture 

Some  of  the  major  operational  problems  in  applying  remote  sensing  techniques 
in  agriculture,  in  India,  are: 

1)  Small  land  holdings  with  smaller  cropped  fields. 

2)  Mixed  cropping. 

3)  Different  cultural  practices. 

4)  Confusing  crops  (e.g.  wheat  and  barley) 

5)  Large  areas  under  rainfed  conditions  with  poor  growth. 

6)  Cloud  cover  during  monsoon  season,  which  is  major  crop  growing  season 
in  India. 

Hence,  the  above  limitations  must  be  kept  in  mind  while  using  remote  sensing 
technique  in  Agriculture 
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QUESTIONS 

1.  What  is  Remote  sensing? 

2.  Write  the  sequence  of  events  in  the  remote  sensing. 

3.  Define  spectral  signature  and  explain  them  for  vegetation,  soil  and  water. 

4.  State  and  explain  different  platforms  used  in  remote  sensing. 

5.  Explain  types  of  orbits  used  for  satellites. 

6.  Enlist  the  applications  of  remote  sensing  in  agriculture  and  forestry. 


18.  Crop  modelling  and  its  Applications 

M.C.  VARSHNEYA 

The  rediscovered  importance  of  the  effect  of  weather  and  climate  on  crop 
production  has  brought  about  numerous  research  projects  and  publications  dealing 
with  crop  weather  relationships  at  different  scales.  Various  statistical  and 
mathematical  techniques  for  developing  these  relationships  have  been  used  and 
the  term  Crop  Weather  Model  has  emerged.  In  the  physical  sciences  the  term 
model  is  used  to  provide  an  explanation  for  certain  phenomena  and  to  postulate 
underlying  processes  which  give  rise  to  the  observations  under  inspection 
(Yarranton,  1971). 

Model  is  an  equation  or  set  of  equations,  which  represents  the  behavior  of  a 
system  (France  and  Thomley,  1976). 

Crop  weather  models  may  also  be  defined  as  a  simplified  representation  of  the 
complex  relationships  between  weather  or  climate  on  one  hand  and  crop 
performance  such  as  growth,  yield  or  yield  components,  on  the  other  hand  by 
using  mathematical  and/or  statistical  techniques. 

Types  of  Models 

Models  are  of  different  types  depending  upon  the  purpose  for  which  it  is 
designed  or  used  and  the  supporting  system  developed  for  the  same. 

1)  Statistical-Empirical  models 

2)  Mechanistic  models 

3)  Deterministic  models 

4)  Stochastic  models 

5)  Static  models 

6)  Dynamic  models. 

Statistical  -  empirical  models:  These  models  express  the  relationship  between 
yield  or  yield  component  and  weather  parameters.  However,  the  model  dose  not 
explain  the  mechanism,  approach  and  the  aspects  of  weather  parameters  by  which 
they  influence  yield.  The  models  are  simple  in  nature,  crop  and  location  specific 
and  do  not  take  soil  variability,  genetic  potential  and  management  into  account. 

Mechanistic  models:  These  models  explain  not  only  the  relationship  between 
weather  parameters  and  yield  but  also  explains  the  mechanism  of  influencing 
dependant  variables  i.e.  photosynthesis,  leaf  area  development  by  independent 
variable  i.e.  weather  parameter  such  as;  radiation,  temperature  etc. 

Deterministic  models:  These  models  estimate/predict  the  exact  value  of  the 
yield  or  dependant  variable.  Usually,  these  are  developed  by  mathematical 
techniques  and  have  well  defined  coefficients. 

Stochastic  models:  These  models  use  the  value  of  weather  parameter  at  some 
or  the  other  probability  level.  Therefore,  output  i.e.  yield  or  yield  components  are 
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also  estimated  within  a  range  depending  upon  the  range  or  probability  level  of 
dependent  variable. 

Static  models:  These  models  do  not  account  time  factor.  Dependant  and 
independant  both  the  variables  are  having  values  which  remains  constant  over  a 
given  period  of  time. 

Dynamic  models:  These  models  are  defined  at  a  given  time.  They  are  usually, 
dealing  with  rate  variables  such  as  evapo-transpiration,  rate  of  photosynthesis, 
respiration,  etc.  They  are  complex  in  nature  and  define  yield  or  state  of  dependant 
variable  at  a  given  rate  or  time  of  independent  variables. 

The  flow  chart  of  a  CERES  sorghum  model  is  given  in  Fig.  18.1 


Fig  18.1  Block  diagram  of  flow  chart  of  a  Dynamic  crop  growth  model. 

Dynamic  crop  growth  models  are  very  advanced  in  nature  and  are  developed 
by  taking  all  physiological  processes  in  account.  Therefore  Dynamic  crop  growth 
model  is  the  assembly  of  number  of  mechanistic  models,  which  deal  with  various 
plant  processes  such  as  photosynthesis,  respiration,  transpiration  and  partitioning. 

The  Crop  Environment  Resource  Synthesis  model  [CERES]  developed  by 
Ritchie  et  al.  (1994)  are  one  of  the  most  advanced  models  presently  available  for 
research  and  operational  use. 

The  CERES  models  are  having  a  main  programme  and  its  various  subroutines. 
In  the  MAIN  PROGRAMME  computer  first  reads  weather  files  daily,  if  it  is  the 
end  of  the  file  programme  terminates,  otherwise  continues.  Then  it  is  estimating 
nitrogen  balance.  In  the  nitrogen  balance  subroutine,  it  calculates  mineralisation, 
immobilisation,  nitrification  and  denitrification.  Next  programme  estimates  water 
balance.  In  the  water  balance  subroutine  programme  calculates  runoff,  infiltration, 
drainage,  evaporation,  root  water  uptake  and  root  distribution.  If  the  profile  is 
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draining  subroutine  calculates  nitrate  and  urea  movement.  Now  programme 
calculates  crop  phenology  under  development  subroutine  under  which  duration 
of  each  growth  stage  is  calculated.  If  new  growth  stage  is  there,  growth  and 
ontogenic  parameters  are  calculated.  If  crop  is  matured  output  harvest  parameters 
are  reported  and  compared  with  observed  values.  In  growth  subroutine,  growth 
of  leaves,  stems,  roots,  earhead  and  grain  is  calculated.  Once  again,  nitrogen 
balance  is  calculated,  which  determines  nitrogen  stress  indices  and  calculates 
nitrogen  uptake.  Nitrogen  balance,  water  balance,  development,  growth  and 
harvest  parameters  are  reported  in  various  output  files. 

Like  this  model  calculates  the  development  and  growth  of  the  crop  daily  as  if 
it  is  grown  under  field  conditions.  The  model  is  validated  with  the  actual  field 
experiment  data. 

Applications  of  Modelling 

A  validated  dynamic  crop  growth  model  is  the  best  operational  tool  since,  it 
can  calculate  the  development  and  growth  of  crop  under  variety  of  climatic 
conditions,  management  practices  and  different  soil  conditions.  A  modeller  can 
solve  most  of  the  difficulties  encountered  by  a  farmer,  which  are  given  below: 

Seed  rate  to  be  utilized :  Seed  is  a  costly  input  for  small  and  medium  farmers. 
Hence,  he  is  always  interested  in  knowing  the  optimum  seed  rate  for  a  given 
variety.  The  model  can  calculate  optimum  yield  under  different  plant  populations 
for  given  agro-ecological  conditions  by  which  he  can  immediately  advise  the 
farmer  the  optimum  seed  rate  for  maximum  yield. 

Row  spacing  or  crop  geometry Farmer  is  very  much  interested  in  knowing 
the  row  spacing  or  crop  geometry  for  a  given  crop.  The  modeller  can  calculate 
yield  under  different  row  spacing  treatments  and  can  recommend  to  the  farmer 
best  spacing. 

Fertilizer  dose  and  application:  Fertilizer  being  a  costly  input  farmer  is  very 
much  interested  in  knowing  optimum  fertilizer  dose  and  method  of  its  application 
such  as  full  dose  or  split  dose,  if  split,  the  interval  at  which  second  dose  is  to  be 
applied.  Modeller  can  estimate  the  yield  under  different  fertilizer  doses  and  with 
variety  of  applications.  With  the  maximisation  of  yield  he  can  recommend  the  dose 
and  its  application.  After  calculating  the  benifit  cost  ratio  he  can  modify  the 
recommended  dose. 

Irrigation  and  its  stage  of  application  :  For  rabi  and  summer  crops  irrigation 
is  very  important  input.  Similarly,  for  cash  crops,  vegetables,  fruits  and  flowers 
irrigation  is  the  primary  need.  Its  quantum  of  application  and  benefit  due  to  that 
can  be  calculated  by  a  modeller  and  utility  of  irrigation  in  teims  of  monetary  return 
can  be  estimated.  Thus,  modeller  can  estimate  the  monetary  returns  of  each 
irrigation  and  its  time  of  application. 

Thus,  it  can  be  said  that  validated  dynamic  crop  growth  model  can  reduce  lot 
of  multilocation  and  field  trials  of  different  crops.  Also,  it  can  solve  most  of  the 
queries  of  a  farmer.  Hence,  a  good  model  is  like  a  good  friend. 
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QUESTIONS 

1.  Define  a  model  and  list  its  applications. 

2.  Define  a  crop  weather  model  and  explain  its  different  types. 

3.  Compare  and  list  the  contrast  between  the  following: 

a)  Statistical-  empirical  and  mechanistic  models 

b)  Static  and  dynamic  model 

c)  Deterministic  and  stochastic  model. 

4.  How  to  decide  the  optimum  plant  population  at  a  location? 

5.  How  to  decide  the  optimum  number  of  irrigations  and  its  time  of  application  in 
a  crop? 

6.  How  to  decide  the  optimum  fertilizer  dose  and  its  time  of  application  in  a  crop? 

7.  How  to  decide  the  croping  system  for  a  field? 
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Southern  latitudes  :  apply  six  months  difference  as  shown 


Monthly  field  water  requirement  characteristic  constant  for  different  latitudes  : 
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Annexure  XV 

Correction  factor  for  length  and  number  of  days  in  amonth  for  use  in  the  Thomthwaite  formula  (  Mean  possible  duration  of  sunlight  expressed  in  units  of  30  days 
and  12  hours  each  ) 
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Abbreviations 


a 

absorptivity 

T 

absolute  temperature 

AAS 

agro  -  met  advisory  services 

X 

absolute  humidity 

g 

accelaration  due  to  gravity 

ET 

a 

actual  evapotranspiration 

a  m 

ante  meridiem  -  before  noon 

CO 

angular  velocity  of  spin 

P 

atmospherec  pressure 

BF, 

boron  trifloride 

cal 

calories 

co2 

carbon  dioxide 

cm 

centimeter 

cm  3 

centimeter  cube 

cm/hr 

centimeter  per  hour 

cm  2 

centimeter  square 

c.g.s. 

centimeter,  gram,  second 

C.V. 

coefficient  of  variation. 

CU 

consumptive  use 

f 

coriolis  parameter 

K 

c 

crop  factor 

cps 

counts  per  seconds 

N 

daily  maximum  duaration  of 
bright  sunshine  hours 

deg. 

degree 

°C 

degree  Celsius 

°C/km 

degree  Celsius  per  kilometer 

o  p 

degree  Faranhite 

0  K 

degree  Kelvin 

0  N 

degree  north 

0  S 

degree  south 

Td 

dew  point  temperature 

ETL 

economic  threshold  level 

8 

emissivity 

E 

energy  content  of  each 
quantum 

PS 

energy  fixed  in  plant  by 
photosynthesis 

et  al. 

et  alia  (and  others) 

PM 

energy  involved  in  respiration 

etc 

etceteras 

PE 

estimated  potential 
evapotranspiration 

E 

evaporation 

ET 

evapotranspiration 

F/Fc 

field  capacity 

eg- 

for  example 

Exp 

exponential 

Fig. 

figure 

V 

frequency 

Y 

gama  rays 

ha 

hectare 

C 

heat  capacity 

h 

heat  flux 

hrs 

hours 

IR 

infrared  radiation 

Jnr2s'' 

joule  per  meter  square  per 
second 

kJ  mol'1 

kilo  Joule  per  mole 

kg 

kilogram 

km 

kilometer 

LE 

latent  heat  flux 

e 

latitude  of  the  location 

LCL 

lifting  condensation  level 

Ltd 

limited 

LRF 

long  range  forecasting 

P 

mass  density 

W 

mass  mixing  ratio 

md 

mass  of  dry  air  in  mixture 

m 

w 

mass  of  water  vapour 

R 

mean  total  rainfall 
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MRF 

medium  range  forecasting 

Pa 

pascal 

Hg 

mercury 

r 

reflectivity 

MAI 

moisture  availability  index 

ET 

reference  evapotranspiration 

M 

vv 

molecular  weight  of  water 

RH-I 

Relative  humidity  at  0700  LMT 

E  max 

maximum  emission 

RH-II 

Relative  humidity  at  1400  LMT 

Tmax 

maximum  temperature 

Es 

saturation  vapour  pressure 

Tannual 

mean  annual  temperature 

sec 

second 

Tavg 

mean  daily  temperature 

H 

sensible  heat  flux 

Tmonth 

mean  monthly  temperature 

SRF 

short  range  forecasting 

MJ 

mega  joule 

C 

s 

specific  heat 

MJ/kg 

mega  joule  per  kilogram 

q 

specific  humidity 

m 

meter 

c 

speed  of  light 

JLl  m 

micrometer 

sq.  km 

square  kilometer 

mb 

mm 

mm  Hg 

micron 

millibar 

millimeter 

millimeter  of  mercury 

a 

Stefan  -  Boltzman  constant 

SD 

I 

s 

standard  deviation 

summation 

surface  soil  heat  flux 

mm/d 

millimeter  per  day 

i.  e. 

that  is 

Mha 

million  hectare 

pbc 

thermal  capacity  of  soil. 

Tmin 

minimum  temperature 

K 

thermal  conductivity 

M  w 

molieculer  weight  of  water 

T 

time  of  one  vibration 

mn 

nanometer 

m 

total  mass  of  air  sample 

viz. 

namely 

T 

transsmitivity 

Rn 

net  radiation 

UV 

ultra  violet  radiation 

n 

number  of  years 

UK 

United  Kingdom 

O, 

ozone 

R 

universal  gas  constant 

e 

a 

partial  pressure  of  water  vapour 

V 

velocity  of  mass 

sec  '! 

per  second 

V 

volt 

% 

percentage 

V 

volume 

PWP 

permanent  wilting  point 

0 

volume  wetness 

PAR 

photosynthetically  active 

HO 

water 

h 

Pvt 

radiation 

Plank's  constant 

private 

2 

Wnr2 

X 

Watt  per  meter  square 

wavelength 

p  m 

post  meridiem  -  after  noon 

W 

Wien's  constant 

PET 

potential  evapotranspiration 

f  (u) 

wind  function 

Index 


Absolute  humidity  73 

Absorption  by  C02,  H20  and  03  13 

Absorptivity  10 

Access  tube  127 

Actual  crop  evapotranspiration  131 

Agricultural  drought  161 

Agro-met  advisory  services  187 

Agroclimatic  regions  of  India  176 

Air  temperature  19 

Aircraft  platforms  192 

Albedo  13 

Albedo  values  of  natural  surfaces  for  total 
short  wave  radiation  30 

Alternaria  blight  of  cucurbits  158 

Aneroid  barometer  51 

Annual  fluctuations  34 

Annual  pattern  of  air  temperature  22 

Anticyclones  61 

Apparent  drought  162 

Apple  scab  158 

Application  for  water  resources  195 

Applications  in  agriculture  and  forestry: 
195 

Applications  in  meteorology  195 

Applications  of  remote  sensing  194 

Area-averaged  summer  monsoon  rainfall 
oflndia  108 

Areal  extent  of  rainstorm  96 

Aridity  and  drought  162 

Assmann  psychrometer  24 

Atmospheric  composition  164 

Atmospheric  drought  162 

Available  water  121 

Bacterial  blight  of  rice  157 

Balloon  platforms  193 

Barograph  5 1 

Bergeron-findeisen  theory  94 

Blackbody  radiation  10 

Brown  plant  hopper  156 

Brown  rust  of  wheat  157 

Brown  spot  of  rice  157 

Calibration  128 

Capillary  water  92 

Cardinal  temperature  23 

Cardinal  temperature  for  germination  of 


seeds  1 1 7 

Causes  of  drought  163 

Central  plateau  and  hills  177 

Centrifugal  force  55 

Challenges  in  weather  forecasting  1 88 

Classification  of  clouds  86 

Classification  according  to  rainfall 

criteria  175 

Climate  change  3 

Climate  change  and  drought  1 62 

Climatic  normals  for  crop  plants  149 

Climatic/agroclimatic  forecasting  1 8 1 

Climatological  approaches  139 

Cloud  observation  89 

Collision  theories  95 

Colorado  potato  beetle  156 

Colour  of  the  soil  16 

Components  and  their  working  1 26 

Composition  of  the  atmosphere  4 

Computation  of  potential 

evapotranspiration  139 

Concentration  of  rainfall  during  summer 
monsoon  107 

Connecting  cable  1 27 

Consumptive  use  131 

Convective  type  precipitation  97 

Cotton  150 

Cotton  spotted  bollworm  156 

Criteria  for  determining  beaufort  wind 
force  6 1 

Crop  weather  calendar  1 85 

Crop  weather  diagram  185 

Cup  coimfer  anemometer  65 

Cyclones  59 

Cyclones  and  anticyclones  59 

Cyclonic  type  precipitation  97 

Data  collection  and  acquisition  3 

Definition  1 

Degree  of  saturation  1 1 8 

Desorption  120 

Detector  127 

Determination  of  moisture  percentage 
122 

Deterministic  models  197 

Dew  98,  147 

Dew  point  98 
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Dew  point  temperature 

75 

monsoon  failure 

165 

Dew-point  hygrometer 

78 

Forest  and  vegetation 

16 

Different  aspects  of  agricultural 

Formation  of  clouds 

84 

meteorology 

2 

Formation  of  dew,  fog,  frost,  drizzle, 

rain, 

Different  temperature  scales  used  for  the 

snow 

98 

measurement 

15 

Formation  of  precipitation 

93 

Direct  or  gravimetric  method 

122 

Fortin  barometer 

48 

Disaster  management 

2 

Frequency  of  rainstorms 

96 

Dissemination  of  agromet  advisory 

Frictional  forces 

55 

services 

188 

Frost  99, 

148 

Dissipation  of  clouds 

86 

Distribution  of  water  vapour  in  the 

General  circulation 

57 

atmosphere 

69 

Genetic  approaches 

166 

Diurnal  fluctuations 

34 

Geostrophic  wind 

54 

Diurnal  variations 

22 

Gradient  wind 

55 

Downy  mildew  of  grapevines 

158 

Gram 

151 

Downy  mildew  of  maize 

157 

Grass  minimum  thermometer 

26 

Drizzle 

100 

Gravitational  water 

118 
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